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PREFACE 


This  final  report  is  submitted  in  fulfillment  of  Air  Force  Contract  F 3 3o  1 5 - 74  - C - 
3071  and  describes  the  de\-elopment  of  the  lithium-thiony  1 chloride  elect  rochemii  il 
system  towards  goals  specified  for  three  specific  cell  sizes  ranging  in  caoatil\ 
from  3.  ri  to  oOO  ampere-hours. 

The  effort  ranged  from  experimental  laboratory  cell  studies  through  the  de\  elop- 
: : o nt  and  testing  of  full  size  ha  rdwa  ri' . Energy  densities  ranging  from  13.S  W'li  -'u, 
.1  nd  140  \Vh/lb  in  small  ciTFs  to  Iti.  o \Vh/in^  and  286  \Vh/lb  in  the  large  cuTls  u e r> 
a>  '■■ii.'Verl. 

CiMti'ful  a ckncjwlefl  giuniMit  s ,i  rt'  extended  to  all  participants  in  this  work.  In 
u-trticular.  out  thanks  to  Mr.  . .S.  Bishop,  the  Air  Force  Projec'  Monitor,  fo  i- 
his  mmy  valuable  suggestions  throughout  the  course  of  the  contract, 

t ut  tlianks  also  to  .Mr.  .1.  I'.  Fitzgerald.  .Supervisor,  and  Mr.  D.  \V.  MuidT  r.  i ■ 
1-  nginei'r  of  llonevwidl's  Crdnanc  e Proving  Grounds  for  their  cooperation  anri  hel|. 
ai  testing  of  till-  large  tells  of  this  project. 
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SrMMARY 


in  M.  I ()  rfi-i  n I !■  with  roqui  renient  s f)i  Ai  r 1'on.c'  Contract  No.  F ^ 3 I - (’4 -C  - 207  I . 

1 lonov'-vc  11  F-'ov.  o r -Sourc  fs  C ent  <.■  r clc  s i ent-d  . labricated,  and  tested  !ia  rdwa  re  versions 
of  the  lithium  inoryanic  electrolyte-  ox  vcdtlo  ride  battery  system.  Batteries  for  three 
noti-ntial  otDe- rritiona  1 uses  were  in\'esi  i>:,ti  ed  in  an  eficcrt  to  e-\aluate  their  pe  rl'ornia  no 
euDabilif  for  meotinv  optimum  requirements  for  life  support  and  spacecraft 
a ooli  ea  t ion  s . 

Coals  e]nbc>dyini:  the-  tlesirt'd  performance  cjf  lithium  inorganic  electrolyte  oxychlorid 
b.ctteric-s  lor  future  and  conceptual  equipment  were  defined  in  the  Statement  of  Work 
as  laruets  for  the  tasks  specified.  rhe-  results  achie\'ed  in  prototype  hardware-  vc-r- 
si'jn^  show  improve-ment  over  ciirrc-nt  operational  systi-ms,  and  cctnside  ra  bU-  pro- 
>jri-.-s  tow. I rcl  achii-\in^  the  (>oals  set  for  opi-rational  uses  of  this  technology. 

The  .-late-  of  the  art  at  the  start  of  the  project  was  embodied  in  the-  first  si-ries  of 
Life  .Support  Cells,  built  on  the  basts  of  itri-\’ious  experienci-  with  this  tc-c  hnolopy  ,i1 
llone\wc-ll  and  i nvt- st i Ration  into  the  literature.  Two  latc-r  series  of  Life-  Support 
C<-lls  and  t ,v  o series  <-ac  h of  the  two  different  types  of  Spacei  raft  ce-lls  were-  built 
anrl  testi  cl  on  the  basis  of  an  analysis  of  the  baseline  series  and  oncoine  cell  imoro\e 
nient  st  ucii.•^  . 

R e-i  c)t;  ni /.i  n -.1  ’he  hiehlv  rc-acti\t-  chc-mistrv  ot  the  cells.  Hom-ywc-ll  periorme-d  tests  or 
the  l-fLter  Su  ' ■ ei  raft  Cells  at  t he-i  r ordn.ince  ti-stimi  e rcnind  a nri  ch-\ised  a schenu- 
M-r  i-ei-a’.  .'■■cition.  Safety  te-.-tmi:  beyoncl  that  reC|uirt-d  by  the  proji-ct  was 
■ .r-'ec!i  .-.hiih  lu  st  i f i e*-!  t he-  i a r<  ■ > \ e rc  i s ed  i n ha  nd  1 i n u t hi-  .Spa  c ec  ra  tt  Ci-Fs. 

I h(  most  . . I ri-  proble-m  eneounter<-d  with  thi-  baseline  si-rii-s  oi  ei-lls  was  polari/a- 
tion  oi  till  lithium  a node-  due-  to  a si-'»i-ri  1\  p.t  s si \a  1 1 n it  lilm.  Dramatii-  improveme-nt 
t e - f e 1 1 1 - d by  t he  .i  d cl  it  i on  o I ">  pi  - r i e - nt  by  w i - 1 -j  ht  o 1 .S(7  j t o t he  i - 1 e-  e t r < d vt  i-  s ol  ut  i o n . 

I hi-  r<-sponse  'o  the-  pa  s i t i o n prolili-m  w is  di-\elopi-d  by  laboratory  studie-s  based 

-w • i t k ^ i %.  ...  iL-  LL 


(i.M  ' luney  w fll' 3 obrff  rvation  that  i-t'lls  stored  alter  beiaa  partially  discharged  \v.ere 
less  passivated  than  stored  cells  ha\dnt;  no  predi^cha  r^e  and  that  SO^  was  among 
the  discharge  products.  The  studies  also  showed  tliat  a better  quality  electrolyte 
salt  resulted  in  the  formation  of  a thinner,  less  passivating  film  and  that  poor 
quality  lithium  also  contributed  to  the  passivation  problem. 


Anotlier  important  improvement  over  the  baseline  cells  developed  by  laboratory 
studies  was  in  the  cathode  structure.  The  excellent  voltage  regulation  exhibited  liy 
the  later  series  of  Life  Support  and  Spacecraft  Cells  was  due  to  an  improved 
cathode  structure. 


By  testing  hardware  modc’ls  of  cells  and  ccjnducting  cell  improvetnent  studies, 
IhineyvvelTs  efforts  during  this  project  advanced  thc>  state  of  the  art  of  this  technology 
as  it  applies  to  Life  Support  and  Spaccu-raft  functions.  In  scj  doing,  specific  areas 
werc‘  idc-nlified  I'jr  continuing  studies  for  mcu  ting  the  goals  set  for  thc-sc'  Air  Fore o 
applicaticjns . The  combination  of  long-term  high-tempcTaturc-  storage-  and  low- 
t e m]3c  ra  tu  r e operation  still  presc-nts  se\-erc-  problems  Icjr  mec-ting  the  requircmc’nt  s 
of  Life  Support  Cells,  but  the  less  secere  storage-  and  performance  requirements  of 
the  Spacecraft  Cells  can  be  met  with  only  slight  improvements  to  the  state  of  the  art 
as  advanced  during  this  project. 

R c-comm  enda  t i ons  indic'atc-d  bv  this  nrojeci  include  turther  exoc-riment-  with  elc'c  - 
irolytc-  composition  and  the'  investigation  oi  rc-latc-d  inorganic  c'Ic'c  t roc  hc-mica  1 systems 
emoloying  less  reacti\-e  materials. 


SECTION  I 


INTRODUCTION 

.\ir  Force  Contract  No.  F 3 3o  ] 5- 74 -C -207  I pro\-nde.s  for  the  di-siun,  fa  brication. 
anrl  test  of  lithium  inorganic  electrolyte  oxycllloride  cells.  7 he  technical  effort 
is  dividi-d  into  three  separate  tasks  direited  tou-ard  three  a ppli  ca  ti  fms  referred  to 
in  the  Statement  of  Work  as  Life  Support  (Task  I).  Spacecraft  "A''  (Task  III.  and 
Spacecraft  "B"  (Task  III). 

Faijrication  requi  r(?ment  s and  performance  goals  for  the  three  applications  a re 
presented  in  the  body  of  this  report.  Briefly.  Honeywell  was  required  to  design, 
fabricate,  and  evaluate  an  initial  lot  of  cells  in  each  category,  based  on  priiir 
(.'xperienc  e and  information  contained  in  the  literature;  and  to  conduct  t'xploratorv 
rte\iTopment  before  designing,  t‘a  b ricating , and  ex'aluating  additional  lots  of  iniprovt'd 
cells.  There  were  three  lots  of  the  Life  Support  Cell  and  two  each  of  the  Sp<<i  ecr.iii 
''A''  and  Spacecraft  ''B"  Cells. 

T his  report  also  contains  a detailed  disclosure  of  cell  design  features  and  com- 
nosition  as  reciuired  by  the  Statement  of  Work. 

Eftorts  directed  to  Tasks  1.  II,  and  III  of  the  Statement  of  Work  rc-  desc  riliefl 
under  Life  Support  Cell.  Spacecraft  "A”  Cell,  and  Spacc-cral't  'B'  Cell,  re  spec  t i \ <■  1 \ , 
in  t his  repcirt  . 


SEC  nON  11 


TECHNICAL  APPROACH 

l liis  proji'.  ' was  limiti-d  to  wot-typo  lithium  imjruanii  dci  t rolylf  >.  oils  lor  throo 
(lassos  ot  Air  Fore  o application,  ( ha  ra  ot  o rizocl  a s Life  Support  ilask  11.  Spaiocralt 
(Task  II).  and  Spactu  raft  "TV  (Task  111).  Spocifio  dosiim  roqui  ronu-nt  s i<jr  oach 
Implication  won-  impliofl  in  tno  poriormanio  tjoals  sot  lor  oach  i lass  oi  coll.  Initial 
ccoittht  and  volume'  obioctivc'S  wore  caU  iilaiod  Ijasod  on  capacity  objective's,  antiii- 
patod  avoratio  c«'ll  voltajios  and  onoruy  olijoi  t ivi'S . Currc'nt  handling  capability  was 
the  I or. m la nd  1 n roc|uiromont  (or  tlu’  Ijilh  Sui.'port  C,oll  and  iht'  Suaccc  raft  .A  Cell, 
md  eoluiiu'trie  one  ryy  density  tapability  \cas  t iio  lommandinu  re'qui  romont  lor  the 
Spacc'cralt  IV  Ce'll.  Current  de'nsitios  o!  b.O  mA/cm  and  10,0  m.-\  cm  ue-rc' 
used  for  the  initial  dosinn  of  coll  components  for  Lite  Support  Colls  a .nd  Spacecraft 
’’A"  ce'lls,  rospt'e  I i'-oly.  Those  Roals  roprt'Sont  desired  porforivance  for  battorie'S 
to  Ijo  applied  to  future'  and  concent  nil  equipment.  lalile  1 contains  a summary  ol 
those'  e.bjeitive'S  for  the  thre'i'  type  s of  (■('IV. 


•\  n ;nit  ia  1 st  rie  s ol 
a r!  tor  this  I y J)o  O I ' 
(os*  p r o u r I m \e a s o' 
1)  r op  r I m p ( . 1 1 s i nd  . 
I - V .1  ) ua  t e s\  >1  o m 1 OS 

1 nd  n.'  t . ri  1 1 s oe  ( r 


Lil  o Supp'  .rt  tells  \e  a s eh  \ .lot).  (|  t o demon  s t r . t o the  state  ol  the 
I'll  usinp  1 1 . Li.MCl  1' SOCl  e l.a  I redyto  lormulat  iein.  .\ 
a hi  is  hod  to  lull  V o \ a lua'  o e ell  s in  t O rms  of  t hoi  r a hi  lit  v to  me'.a 
1 e e'  1 1 1 m p ro V e' me  - I’.i  p r e i p r a m \e .a  o st  < h ii  s hod  1 o ri ,•  i i no  i nd 
s f,i  (t  or  s a nd  t o 1 mplo  me  nt  imnro\  e'monts  indosipn.  (omponont.s 
those  used  in  the  initial  . inst  rue  t i on . 


[he  ».  st  ro-uits  doe  umont  the  foasibilitx  oi  do-,  .l.ninp  i lithium  inorpanie  ol.etrolvt 
hi'  nd.  iMtt.rv  that  will  me-e-t  t h.  r.  rpiir.'t  '.  nt  - mr  hi.'  supi>or'  aiu:  th.-  ’ \e  o 
(SO.  -,  .U  sp,,e.'(  rift  applieations  d.'iin.'d  ;n  'la-  St  ,t.  n . nt  o'  U-.rk  |or  thi~  proud. 

•\  :|  onl\  111.-  . onsid.' r.i  hi.  pi-opre'Sr-  h.  . n i oi.  'ov.  a rd  le  I, , . inp  th.  optimum  r.-cpii  r. 
in. 'til-  for  'I'.'s.'  .Air  F<  r.  .'  op.  rational  anpla  etions.  luit  aUotho  probl.  nis  rt'f|uirinp 
-olutioi.  to  m.'.'t  Ih.'x  poaV  .ulK  ha-,.  U.  . n id.  ntili.'d.  1 ho  va  si  1 v i n ip  r -n  .d  p.' r - 
im-m.ine.  ol  > li.  l.it.-r  s.-ri.s  ol  Lit.  Sunjiof’  (.11-  , nd  ■ .1  ' h.'  Sna  e ra  ft  \ md 
Spiec.r.lt  H C.  11s  v.a  - b,  r-.  rl  on  I I’.'  . n,i  1 \ - i s ol  ' he'  ba  - 1 i n.  no  r fo  r ma  ne  o a nd  ' h. 


TABLE  I 


1 


BATTERY  GCALS 

Life  Spacecraft  Spacecraft 

B>.itl>r\  Pe  r f(j  rma  nee  Obiecti\-e Suupo  rt "A" " R" 

fiiierf^y  Density: 


Watt -hours  per  pound 

IdO^ 

175 

350 

Watt-hours  per  cubic  inch 

1«- 

15 

25 

Capacity  lAmp  hours  1 

2.  b4- 

220 

bOO 

Expecterl  System  Operating  Voltage  (Avgl 

3.  i 

3.  2 

3.  5 

Weight ' 

1 . 2 07. 

4.  02  lb 

b . 0 lb 

133  g) 

(1 . 82  kg) 

(2. 72  kg) 

\'olume' 

0.4  in^ 

47  in^ 

cS4  in' 

( b.  b 1 (.  ) 

(770  c c ) 

(1  3 77  c c ) 

\‘olt  ige  Regulation: 

'■  of  Avg  load  plateau  voltage  for 

± 2 

± 2 

± 2 

of  useful  life- 

SO 

<iS 

'15 

Orien  Circuit  and  End  of  useful  Life-: 

'•  of  Avg  load  plateau  voltage 

i 20 

± 25 

± 20 

.olt  tge  Rise  lime  for  all  loarl  changes: 

T o|  A\g  plateau  voltage 

t 20 

10 

10 

lime  imilliseeonds  1 

loo 

5 

s 

O'lerifing  Te  tnp<‘ r.t  t u re  Range: 

F 

- b5  to  165 

so  to  140 

40  to  120 

C 

-53.  9 to  73.9 

into  oo 

4.  4 to  48.  0 

St  o r.i  ge  Los  s : 

Allowable/ 

20'’:, 

1 b": 

5’’; 

Du:-alion/  1 emperature 

( ) r 

5 y r/ 75°  F/ 
1 vr/  140  F 

1 vr/  80  I-' 

t)  mo/  8!'  F 

R e 1 ia  l)i  ht  v / ( a >n  1 id e ni f Level 

0.  'loi)/  0.  US 

0.  >uu  /O.  '17 

0.  9'*'’/  0.  07 

''■■letV 

.Sa  fe  to  ca  r rv 

N ot  .Spec  1 1 ied 

\ ot  .S pec  i 1 ied 

t a ist  ' Wa  1 1 - hou  r ,'Oua  nt  it  y Ba  sis 

SO. 25/1 50000 

N ot  Spec  i t ic'd 

N ot  spec  1 1 i ed 

t’.  is.fl  1)11  I-  \!)«  ( * .d  S\ sf  cm  Ope  ri1  ini:  Volt  me  m ve  rn  ue  ) .i  nrl  Kneruv  Densitv 
Obiei  li\  e. 

A I)"’,  e "in  1 I D C ■ ) . 


<<•11  iini)  r:<\  <-nu'nt  st'ifli<-H  thdt  r<-rtuli<-<l  Irunilhir-  uiaK^jr-  .<  nd  ir‘Hii  I I(‘ri<-\ w <-H  » 
i-xpt' rii-m '■  with  t hi-  lithium  inoriianic  i-lf<  t rnlyt<-  iixyt  hlorifif  t<-<  hnolniiy  . 

Prim-  <-xp<  riuru  e ai  Honoywoll  also  dictati  d that  the  ^anu-  ih<-mistry  t ould  hi-  ust-d 
to  nii-<t  the  uoals  oi  all  thr--t-  ctll  tyui-s  in  t h<-  proj<-it.  Thi- r<- !o  r<- . tho  la  rci-  oar! 
ol  the-  i<ll  imp  rovt- rm;  nt  studios  were  < ondu<  ti-d  on  t h<-  K-ss  ixpt-nsi\i'  Liic  Support 
C.-lls.  A whole  st-rifs  of  these  i<  lls  (se<ond  seriisl  were  us<-d  for  cell  improveinent 
-tudi.  - adfl  r<  ssin<_’  the  lithium  oassivation  nrobk-m.  I'he  resultine  improvement s w ert 
in<  orp'irated  into  the  final  two  si-ries  of  Liu-  Suppor'  C<*lls  and  all  s<ries  ol  t he 
Sp-1  ‘ i < ra  1 1 Ct-1 1 . 

Six-eiil  itt<-n1i'in  was  given  to  saUtv  < onsid<  rat  ions  throuithout  the  proieet.  ispeiialK 
in  the  handling  o;  the  Spar<-<  raft  Ci  lls.  This  emph.tsis  had  led  to  formulatinu  detailed 
!ogisti<  prix  <-dur<  s in  < < frying  out  t<-sts  .>n  large  Li/SOCl_.  < i-lls.  Also,  examin.i- 
lion  ol  mit, -rills  <-omnatibilit\ . the  m<-.i  su  renu-nt  of  \auor  pr.ssure  and  d<nsity  oi 
ih<-  .1<-.  t roKt  < . and  ot  h<- r inv<st  ig  at  ions  that  did  not  r<-sult  in  improvements  totlu 
I i n 1 1 s<  - ri<  - s ol  < <•  1 1 s u e r«-  i n v t- s t ig  < t <-fi  ! o r us <•  in  I ut  u r e i e 1 1 st  iifl  i<  - s . 


SPTCTICX  III 


LIFK  SUPPORT  CELLS 


A.  gi:m;ral 

I(v-  tiroiiram  eftOrt  for  thf  Lilt-  Sunnort  CtTl  in  iho  fabrication  of  four 

scfios  f)f  f \m' ri  mont  a 1 hardwii’i-  iiTls  ant!  !b  prototvof  F^RO  batterios. 

The  fir.'t  s,-rifH  of  Lilt-  Support  ColL  tabru  il<-d  i no  tolled  under  tbit;  orouram  pro- 
\Ri.-d  tin-  tias.lim-  data  r<u  resent  ini’  the  it.-  oi  the  i rt  at  the  befiinninc  of  the  project. 
Iin  p r o\'enie  nt  s were  intorporated  into  other  s-ries  ■>;  Life  Support  Cells  as  well  as 
into  t)ot  h serii-s  of  Spacei  raft  "A"  and  Spai  et  raft  ' IV'  Cells  on  tht-  Ijasis  of  the 
exrtrii-nce  (tainefl  and  obse  r\at  ions  made  on  this  first  series. 

\lthouith  e\nlorat(>ry  de\*elopn’ient  was  olai'.ned  i rom  t hi*  outset  to  iivipro\<*  ^ ells 
St  hefluleri  .or  subseqtient  fabricition.  the  severe  polarization  exueriemed  with  the 
first  serti  - of  f.,ife  Suppfirr  Cells  taused  the  p rio  ritU’S  of  lel)  improvetiient  studies 
to  shift  to  the  solution  of  anode  passiv  ition.  the  lausi'  of  the  si'vvre  polarization. 

I tie  sei  onrl  series  of  Life  Support  Cells  was  devoted  to  the  solution  of  this  problem. 

The  'htrfl  si-ries  was  then  stibjev  t to  tile  <■  st  t till  s hed  and  evaluation  prot;ram. 

'lilt  further  p.iSsivation  prolilems  prompted  Iloneywfll  to  proriuie  .ind  evaluate  a 
fourth  seriis  on  thidr  own  initiativi-  to  pro-.idi-  a better  »‘xample  ol  the  stale  ol  t he 
1 rt  in  ,1  < eomplishint;  th.e  ijoals  set  forth  for  this  Air  pone  application.  (The  entire 
o.i  ssiv  at  ion  problem  is  discussc’d  under  Cell  Improvement  Studies  ' in  this  report.  I 

[Tie  final  series  of  Life  Support  Colls  tested  under  this  program  approached  the 
, ipiiitv.ind  eneri:\  noals  -el  lor  .Air  I'ofi  ipplic-ition  to  life  support  er|uioment 
iindi  r opt  1 mum  t one!  it  ion  s ol  st  o r.*  ue  . nd  ' i mpe  r 1 1 u r e du  ri  m:  di  s i li.i  rue  testinu.  Thtv 
exhiliitefj  a ma  rked  improvement  o\  e r t he  lj.iseiin»'  perlormame  ol  the  first  series. 

I hei  r o«  riorm.tnie  .it  low  temperature  .ii’er  hii>h  t empe  rat  u re  stor.iue.  however. 

.CIS  i.i  r sl'.fi  III  these  performanie  u".ils.  i'ven  unde  r t hese  adv  e rse  conditions, 
however,  'lie  1 m p ro  i me  lit  s i n i o r po  ri ' ed  i n'  o t lu  l.i  t !■  r series  oi  Li  I e .Suppo  rt  Cells 
n s 11 1'  I d : n i m i rF  i cl  i ii'p  rov  e me n>  o e r t h<-  In  s e 1 ini'  pe  rl  o r m.i  m e . 


' f 1 Ij  ricat  i on  . iinfl  luat  ion  oitlie  PKC  battnrii'S  was  1 hf  iw.sult  oi  a 

t : ■■  ordinal  pro'n'tt  tasks  iiiutually  advantajrfous  to  tho  Air  Foni’  and 

I n.  V -Vt*  i 1 , 

DLSKIN  AND  FA  lil<  IC  A'l'ION 

U . r-.^-  r,ootion  of  tho  Life  Support  Coll  in  Fiiiurc  1 and  tho  pholoitraph  in  Fimtro  2 
oply  to  oi  tho  four  sorios  of  tolls  fabricated.  Many  oi  tho  coll  t omponont  s are 

1 p.■■Ard  !(onov\'oll  p,.  rt.s.  As  Fipuro  1 shous,  the  tase  is  > 1 oL  stainless  steel  and 
lio  tori-iin.il  pin  imorooritod  into  the  t;la  s s -to-niotal  seal  is  r>2  iilluv.  .’Xiior  lon- 
• r , -j  0;  tin  oi  1' ( 1 - ra  p oloctrorlo.s  in  tho  taso,  tho  tovor  was  pro'ottion- 
.lo.d  'n  oil  I I'.  I'ho  Colls  wore  built  in  Honoywoll's  dry  i-ooni  laciliiy,  where  the 
. l,t;\o  liuiliidil\  is  maintained  below  4 percent.  Activation  was  a t oomnli.- h.-d  in 
eF'o.'d  ^v-.'oin,  by  first  evacuating  the  t oll  through  a hole  in  tho  bolti.m  ol  tho 
1^.  , inn  tUon  i ut  oi  nat  u a lly  metering  tho  oloctrtilyto  into  tile  coll.  I he  final  seal 
• , I j I i » . l>  I Fi  s t - a 1 . 


Sarif"  I i [unay  wt- 11  C)  30  1 '» 1 

,,  lo.mdrorl  i.lls  wore  built  for  this  series.  Table  II  pre.sents  a dostriptmn  of 
b,  .iMiiionont  flosigns.  Cathode  thicknesses  and  weights  were  controlled  within 
_ , , .nil-  111.'!  .,1  il.-SiA  lit).  012,  eraiii.  respectively.  The  anodes  weighed  an 
, . ■ I,  eiam  I nd  \\ori'  ■•.ipable  ol  uro\iding  a capacity  ol  1.4-  impere- 

, , . 1,  , t I-  ide  do  SI  gns  w . re  sut  h ' li-i  t < ell  t a pa  fit  y wa  s to  lie  limit  etl  by 

, j ■ ■ ■ t . 1 ( t * I If  u ■ . 

. . 1 ii  •-  e.le  li.sM  FiAlCF  • .SOClj ' was  prepared  using  lithium  lelrathloro- 

II,...  . I It  ,7.4  p,irts  per  million  i ron  1 pur.hns<-d  from  Foote  Mineral  Companv. 

.no  tnmn.,  inloritle  punhased  Irom  Matheson,  Coleman  b Bell.  1 In  SOCF  had  a 

. . I : . i I , 111  A h . I li  ma  y he  1 1 1 r i hut  ed  1 o i n 1 pu  nt  i e s s lu  h a s s ul  I u r t h 1 o rides  . 

. : 1 1 11  r fl  1','  ide  . a ncl  / o I-  s ul  I u ry  1 < hi  o r kIo  . 


F 


:uMPOi\£XT  DESIGNS  USED  IN  THE  I'IRST  BUILD  OI'  LIFE  SUPPOR'l  CELLS 


I Jiij-.ition.  tiu-  su)ii>it/n  roJoiMtio/i  ih.iniitr!  ; rum  brown  to 

; 1.  . 1'  '■  oop  purplo  al'li-r  an  o\i.- rniaht  stand.  Thi.-^  was  attributofi  iu 

. ..  • Ml  ..ra.inii.  sol\-rnt  in  i lu-  LiAlCU  .salt.  Salt  fontaining  largo  anumnis 
; ■ . o aiiiii  :.ol-.oni  appears  yellow,  compared  to  the  light  lirown  ( olor  oi  material 
....  ;|1  ..-V  by  losing  LiCl  and  AlCli.  Thi*  capacity  dc“li\-ered  from  ireshly  acti- 

.'itt  ■;  . . il-  using  the  yellowish  salt  was  severely  degraded.  Theretore.  only  Li.A.lCl4 
;i  . ii  r.  ‘-ired  ' in-house"  was  used  in  the  electrolyte  parna  ration  for  later  series. 


: ■ : ;u  jH.irie  |>y  a slurry  proie.sp.  .\  mixture  t>f  11.-13  grams  carbon  and 

bu'i  . t ;.i  , I dAtjlK’d  ILO  was  stiriU'd  gently  witlt  an  electric  mixc'r  until 

■ ■ 1 ...  . e,,i  .•.as  achieved.  Under  < ontrollefi  conditions,  tc  of  PTFE 

! ..  ■ iis'.M  rston'  w.is  then  added.  When  the  mixture  became  slurry.  (1.72  gram 

• ! . ■ oe  r pulp  w.is  introduced,  and  the  mixturi'  was  stirred  at  300  rpm  for  approxi- 


'uor/e-,  i.'.ilf  of  the  .slurry  tv-'i  s puiircd  into  ri  \aciium  mold  (-1/4  inchi-s 
I.  -e'otive  til,'  excess  water.  .A  sharkskin  lilti.-r  paper  had  been  pla  i.  ed 
lilt  1 iiold  . .\  n elet  I rofle  (.'o!  1 et  t o r g fid  w a s t hen  pressed  onf  o t he 

!:ie  relit. lining  hall  of  iht,'  slurry  was  poured  on  top.  ft  e r tht.- 

■ I '•  ig.iin  removed  .inri  a si-cond  slvirkskin  filter  paper  had  been 

■ ‘hi  molded  t.ithode.  the  p.iikage  was  sandwichi-rl  between  two 
iii'i  ',i;b  ■■ite(|  lo  2 -i  psi  livdriiilit  pressure  to  removt-  most  of  i|ie 


t ■ 1 o ! ■: i . ,•  .1  t r i n u ' led  ' o t |,e : r o n det  e r m i ned  di me n st on s .i  nd  pl.i  i ed  in  .in  ,i  i r 

; : I II  i.ciitt  i-i  b.irn  o|f  tile  p i pe  r nulp  .ind  to  sintv-r  t lie  latliofles. 


ries  (llonevwell  ‘'Cl  ’(Mil 


1 1 ■ 1 ■ 1 I 1 .111  li  fo  r t li  i s St  r.  e s . I ,i  bK  111  p re  s e nt  s i de  st.  r ;nt  i on  ■ ii  t lu 

I ' i . i 1 ' 1 1 1 1 ■ I r ' i . ' 1 L'  n N . 


•11(0-1 1 i ,. t ■ - ni  ijeiT  t i n ( . 


/ 


COMFONENl  DESIGNS  USED  E\  HIE  SECOND  I5U1LD  OF  LI  I'E  SUPPORT  CELL; 


1 ()  imnrmi-  itll  ui  rlurnia  m c for  thi>  s^■rit•ri,  tlu'  lollnwint:  tlianut-s  iatur- 

po  ra  t crl ; 

a.  Apparent  surlatc  area  was  im  reased  lOr  both  the  neu<iti\e  and  po.sitivf 

elect  rofles.  This  \>,-a  s <.-Npecl>fl  'o  rediu  e cathode  pula  r i /.a  t i on  and  the  '.oltaye 
flelay  tssoeiated  v.ith  passi\ated  -inofies. 

I).  Cafhodi.'  structures  were  preparefi  by  a rl  ry  cumipaetion  nroeess.  Thi'  usi-  oi' 

unsint(.-red  t old-prt-ss<-d  eatitode.s  ei  reurn\u-nted  possible  problents  with  carbon 
oxidation  in  t athorles  made  l>y  th<‘  slurry  technique. 

I . Carbon  active  sites  wi>re  increased  t nd  electrodes  were  optimized  Tor  thich- 

ness,  [his  was  c'xpeeted  to  imi)ro\e  c<  II  c.ioacity. 

The  rl  rv  cejmpaction  process  usc'd  to  prepare  the  cath<;des  lor  this  series  c-mplo\  c-d  the 
same  tiasic  tc-ciinique  rlescribc'd  for  the  slurr\  proc fss.  but  paper  pulp  was  not  .idded. 
Instead,  the-  c^^  rhem  - PT  l'I\  mix  was  rtour.-d  i cit  o a \- i c uum  mold  to  remove  t lie  c’Xcess 
waiter,  placed  in  a \-acuum  o\en  at  lOt)  F.  and  the  resultant  dry  mix  was  mic  ronized 
and  then  put  into  a mold  under  a pressure  of  approx.  100  psi.  The'  cathodes  were  not 
sint  e ri'd. 

1 . T h 1 rd  Se  rie  s 1 1 1 one y w ell  " G 10  1 1C  I 

One  hundred  cells  wc-rc'  built  [or  this  series.  These  cells  i n c o rjjo  ra  t ed  desipn 
chanttes  d c- ■ I ojicai  durtny  laboratorv  studies  on  the  sec  ond  series  to  allcwiate  sc  e re 
pa  ssi'.  ition.  The  most  s i yni  fic.i  nt  di  [I'e  reiiccs  wc>re  net  cathode'  wciitht  . dimc'itsmus 
o[  f he  lit  he  ri  m e 1 c'c  t r orh' . and  the'  c onittos  it  i cui  o ! the  e Ic'  ct  r ol  vt  c-  solut  i on . ] a hi  e i 

orc'serits  a ch'sc  ription  of  the  component  desiyns. 

4.  Fourth  .Sc-ru'S  ( llcmeyvc.  ell  (1101  IT' > 

I-'ortv  cc-lls  ■.cere  built  fcir  this  seric-s.  which  was  inrlepc'ndc'nt  of  the  contract  and 
aimed  at  producint;  cells  embodyinu  the  best  state  -of-the  art  1- now  1 c>fi  i;i  in  l-i  SO(  1 
t c 'c  hnol  otj\  . ( cimponcnt  'h  sistns  were  tlie  sam<-  as 


those  usc'd  in  'he  third  se  rico 


COMPONENT  DESIGNS  USKD  IN  THK  THIRD  AND  FOURTH  BUIl.DS  OP' 


I 

Si-1  i ' ■)!>  ! ' I hi-  lithium.  hn\'.u\ur,  v.i>  nu  n h.i  r i-d  i rom  i dii  1 1- .•ml  >upplii  r.  in 
I n , ' t ' ■ t)'  ' 1 1 I)'  < i-<  oi  Ilf  t hf  p-'i  s si  \ ;i  t i on  p r ohK  - it  'v  iii  f li  po  r si  st  f ri  du  ri  nu  the  t hi  rd 

-(■'•ii-.-  t nd  hod  tifi-n  tr.iffd  tothf  lithium  usod. 

PKC-  '0  Llattfi-y 

i<  u ‘o  h.ilterifs  Were  built  hasffi  on  tho  Lilo  .Suiniiii't  Cell  di'si^n.  A descrip- 
tion o;  thi  ■ I'll  dfsiun  is  ]Dresenti.'d  in  latile  \ . The  contains  four  series- 

; . oo  ’ od  ' .-1 1 ' ia.kftfd  with  AB.S  nla  stii  . .•  > i 1 1 u - 1 r . t .'d  in  ricu  re  i.  It  wa  s desicned 

to  d.  li\er  I.  - a mile  re -liours  and  an  eneray  flensitv  of  Id  wa  1 1 - liou  r s / in  ^ uhen  dis- 
• h.i  i-oj  cl  ond.T  1 vein  loads  of  120  niA  (io  minuiesiand  4s  niA  (30  minutest. 

'■ 

I C.  i i;S  I PKOCiKAM 

1 . P ri.  f » t Kcpui  re meiit  s 

1>  ■ !.•  Cl  ' ri'iiiions  S)i<-iififfl  for  lestint:  I.iie  Support  Cidls  were-  120  mA  for  ^0 
ioo;ul-  s oPiowed  hv  4s  niA  for  iO  minutes,  tile  two  conditions  alternating  until  the 
■ olt  1 _o  dfo;,-  'll  lo'.i,  <S0  p<- rt  ent  of  the  .T.emge  lOlt-lLti-.  Tests  Were  to  lie  l Onductefl 

• t u e lOe  r ■ • 1!  n s ranging  I rom  - (>-  i to  165^  following  tenipe  rature  soak  for  lb 

hour.--  it  •1-"  -pioified  t emoe  r-it  u re  s . 

t le.r'cer  -•  net  i fieri  that  the  rells  <houlrl  ill-  s.ifi'  to  carrv  on  one's  oe  rson  i nd 

1 1 1 . I j 1 ' j * . _*  I do  I , \ ' e'  fi  o 1 no  1*  t'  1 ha  n I ' to  m s ’ le  1 I hi  e toi  . ( \ oil  a gi  • rl  e 1.1  y i s t he  t i m<  ■ 

n . : r,  . : v , t c i 1 ' o . , ‘ t i l n -S  't  Oi-  r ent  ' ■ ; ■ t . - ; ge  rli  s<  ha  r ge  \ ol  ( ,t  gt  at  t lu-  si  a rt 

■ .1 . ■ . 1 ig'-  i n cNl  1 rna  1 loarl.  1 

It.-'  :■  i'  ri  O I 1 I - St  s 


1 lie  te-l  ,d 


l.i  fe  .Supoort  Cell  - 


onsi.-ti-d  of  discharge  testing,  storage 


J 


• * '1  : n L’ . 


. I • \ 


iny . 


’.A  1 1 KKIKS 


nd  Cell 


rhc  (list  !i.i  riu  tests  wtro  pe  r f o rn  ;f'l  usirit;  the  tirtuit  illustrated  in  Fijiure  4.  two 
’■andornly  seleitt‘d  tells  beinj;  tested  at  eat  h ot  nine  different  temperatures  frtim 
-'■5'F  to  165°F.  The  cells  were  subjected  to  temperature  conditioning  for  1 houcs 


unfier  OC\'  tonditions  before  testing  at  the  specified  temperatures.  The  disiharm* 
was  under  constant  current  conditions  startinu  with  a load  of  liO  niA  for  30  minutes, 
followed  immediately  by  a load  of  4n  mA  for  30  minutes  - the  t vt  le  beinc  repeated 
until  the  tell  \oltape  falls  more  than  iO  pt  rt  ent  belo\c  the  a\-erape  \oltace  le\el.  The 
basic  ra\c  data  collected  was  (1)  tell  voltape  versus  time  and  (.2)  the  voltage  response 
it  the  start  'if  the  1.20  inA  load  application  on  stored  cells. 

The  Storaue  test  tonsisted  of  stoiMpe  at  140°F  for  periods  of  1,  2.  5 and  12 
months.  After  storctijc’.  randornlc  seletted  cells  wen  subic'ited  to  clist  harge  testing 
to  'termine  the  effects  of  lonu-term.  high-tempe  ratui  e storage  on  t ell  pe  rfo  rm.i  nt  e . 

Fi\'e  tells  ea  t h of  t ht'  first  and  third  series  were  suliiected  to  short  c i n uit  test,  and 
ii\  to  ma  xinium-pow  e r testing.  All  testing  of  this  type  was  ctinduited  at  loom 
t . moe  ra  1 u re  7 2 F).  For  s ho  rt  - 1 i re  uit  tests,  the  resistance  value  of  an  ammeter 
in  the  c i n iiif  was  tised  to  reeorrl  the  short  circuit  current  until  the  cell  was  depleted. 

The  temperature  of  the  ease  was  monitored  throughout  the  test  by  attaching  a 
. h romel  - I liimcT  thermocouple  to  the  case.  Dimensional  and  physical  cha  ra  t t e ri  st  it  s 
ol  the  < fll  before  and  after  short  t i rt  uit  wt-re  recorded.  The  maximum  power  point 
w IS  :ound  b\  rietermining  expe  rimentallv  tlte  voltage  at  which  the  product  ol  tell 
oil  I ge  and  the  i urre.nt  is  i maximum.  The  ccTls  were'  then  tested  under  the  1 ( ii.txl 
(mix'  londition  lor  m.aximum  powt-r. 

I).  ri;.SI  Kl-SULT.S 

I his  seition  t mit ain-  the  data  prodiued  l)\  the  regular  tc-st  progrartt  set  up  in  response 
to  the  pro|eil  rec|ui  rement  s . De\ elopmenta  1 tt-sts  perlormi'd  in  iiiniieition  with 
iilioritorv  stu'lies  are  reported  in  the  setiion  entitled  Cell  Irnprov  ement  .Studies". 

f 


[ h.'  Sfi  oi-.d  -.  ri.  s of  I i ll-  wi-n-  rmt  subji’il  to  tlu-  tost  orourani;  thoretoro  thoy  a ro 
not  n port  d in  tins  soition.  C.  ll-  froni  tho  first  and  third  sories  subjected  to 
-iifetv  to,-t-  ire  reoorted  in  a setta  rate  subsei  tion  bilow. 


1 . I'i  rst  Se  rii-  s 


Only  one  fn-sh  i ell  of  the  first  senes  iias  discharged  immediately  after  activation. 
The  IK  cells  that  were  to  provide  baseline  information  for  fresh  cell  performance 
at  the  nine  temoe  ratures  hetMeen  -'.a'F  and  U'5  ' F showed  severe  oassivation  after 
beiny.  keut  ,t  room  temperature  for  only  ^ weeks.  The  discharge  history  of  the  one 
fresh  (ell  oresen'ed  in  Figure  . Figures  oand  7 illustrate  the  discharge  perlor- 
mance  o!  d ol  the  IK  lells  after  storage  for  i weeks  at  room  temperature.  Tests 
were  not  run  .t  temoentures  below  7S  F because  of  the  anode  passivation.  Table  VI 
(ontiins  , summarv  <u  Hie  results  of  tests  on  the  first  series  after  storage  at  i weeks 
at  room  t lunpi' r it  u n . 

|o  e'.alu.ite  'hi  uerformance  ol  t hi-  1 1 lells  sulijected  to  high  temperature  storagi 
Si  eral  I ell.-  Were  discharged  liter  I month  storage.  Figure  K confirms  the 
severe  efli  i l s ol  passiiafion. 


?, . Sei  ond  .Se  r 1 e s 


Not  -utia’il  to  'est  .IS  esplainerl  ilii've.  iSee  Section  entitled  Cell  Improienient 
.St  ud  ies  . I 


Thi  I'fi  .Se  rn-s 


I wo  I resit  1 . 11s  .1  I I.  h ol  nine  dilfen-nt  temperatures  were  subjected  to  disclia  rge 

te-ting.  .V  1 1 DC  r I o rm.i  nr  e dat.i  are  presented  in  l.able  \11.  Pigures  Ib.  II.  .ind 
Id  how  till  di.sih.irgi  pi  rtorm.i  ni  e ol  lour  ol  the  fresh  tells  at  1 oS  1-  . m I-  . 0 I- 
and  -ill  I',  respei  t IV  (Tv  . 


Cell  Build: 


20 


Figure  5.  Discharge  Performance  of  a Fresh 
Life  Support  Cell  at  75°F 


Loads:  120  mA  {30  min)  - 45  mA  (30  min) 

Cell  No:  120 

Cell  Build:  First 


sc 


System:  Li/ 1 . 5M  Li AlCU  • SOCI2 /SOCI2,  C 

Device:  Life  Support  Cell 

Loads:  4 D to  0.  5V  followed  by  120  mA  (: 

- 45  mA  (3  0 min) 
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Figure  7.  Discharge  Performance  of  a Life  Support  Cell  at  120 
After  3 Weeks  Storage  at  75°F 


DISCHARGE  PERFORMANCE  OF  LIFE  SUPPORT  CELLS  OF  THE  FIRST  SERIES 


DISCHARGE  PERFORMANCE  OF  FRESH  LIFE  SUPPORT  CELLS  OF  THE  THIRD  BUILD  AS  A 


*Based  on  2.0  volt  cutoff  at  the  average  life  support  load  of  0.0825  amp. 

**  Based  on  a net  2e  reaction. 


System:  Li/1.5M  LiAlCU  . SOCI2  • SO2/SOCI 

Device:  Life  Support  Cell 

Loads:  120  mA  (30  min)  - 45  mA  (30  min) 

Cell  No:  303 


e?IOA  'leiiuajoa  II^D 


scharge  Performance  of  a Fresh  Life  Support  Cell  at  165 


System:  Li/1.5M  LiAlCU  • SOCk  . SOz/SOClz, 

Device:  Life  Support  Cells 

Loads;  120  mA  (30  min)  - 45  mA  (30  min) 
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Li/1.5M  LiAlCU  . SCCh  . SC^/SOCl 
Life  Support  Cell 


Figure  11.  Discharge  Performance  of  a Fresh  Life  Support  Cell  at 


System:  Li/1.5M  LiAlCU  . SOCI2  . SO2/SOCI 

Device:  Life  Support  Cell 

Loads:  120  mA  (30  min)  - 45  mA  (30  min) 

Cell  No:  313 

Cell  Build:  Third 


e;ioA  *IcDua;ocI  h'od 


Time,  Hours 


Afti-r  I month  storage  at  140°F,  the  third  series  of  cells  began  to  sho\\-  the  effects 
of  passivation.  Hea\-y  polarization  precluded  test  at  t emoe  r,t ' u re  s below  0 F. 

Table  VIII  contains  a summary  of  performance  data  on  all  lells  tested  and  I'igures 
13,  14,  and  13  show  the  discharge  history  of  three  of  thi-  i i lls  at  T5'F,  32'F,  and 
0‘'F.  respectively.  Table  IX  shows  the  initial  cell  voltage  respon.se  measured  during 
these  tests.  Voltage  delay  characteristics  become  a conside  raticjn  as  oassic'ation  of 
the  anode  cjccurs  during  storage.  In  general,  this  problem  inc  rc-ases  at  lower  dis- 
charge test  temperatures.  .Aberrations  in  this  delay  data  it'soc'ciallv  at  0 Fl  a re 
probably  the  result  of  the  limitc'd  quality  control  standards  possiljle  in  a fabrication 
for  this  kind  of  program. 

.After  3 months  rjf  storage  at  140°F.  the  cells  showed  continuing  effects  of  passiva- 
tion as  shown  in  Table'  X.  Only  those  cells  shown  in  the  table  c ould  lu'  lestcd. 

Table  XI  presents  the  cell  voltage  c ha  ra  c t e ri  st  ic  s for  the  1 month  'ests. 

.After  5 months  of  storage-  at  '40°F,  useful  cell  capacity  could  not  be  obt  line'd  at 
fentpe  ratvtres  of  50°F  or  lower.  Discharge  voltage-time  curves  cjf  cells  at  Ito 
and  75  °F  are  shown  in  Figures  1 6 a nd  17,  respectively. 

After  twelve  months  storage  use-ful  capacity  could  not  be  oijt. lined  at  a n\  te-moeriturc  . 
4.  F ou  rt  h Sc  ries 

Table  XII  sliows  a summary  of  the  performance'  of  fresh  c ells  and  c ells  subjecied  to  3 
months  storage  at  ITO^F.  Te  -ts  were  performed  only  at  temperatures  shown  in 
this  table  for  the  fourth  sc'fies.  Xoticc  that  the  te'sts  at  -30  F .after  3 months 
storage-  show  some  cell  capacity  - an  impro\c'ment  over  the-  third  sc-ries  which  showc-d 
no  capacity  a ft  e r two  months  below  33°F.  Discharge  curves  for  fresh  cells  at  75°F 
and  -30  F are  shown  in  Figures  Id  ,irid  I'F  rc-spc-c  t i\c'l\ . and  after  two  months 
storage  at  75‘’F  and  -20°F  in  Figures  30  and  31,  respectively. 


DISCHARGE  PERFORMANCE  OF  HIE  THIRD  BUILD  OF  LIFE  SUPPORT  CELLS 


Figure  13.  Disci 


DISCHARGE  PERFORMANCE  CF  THE  THIRD  BUILD  OF  LIFE  SUPPORT  CELLS 


TABLE  XI 


Life  Support 
120  mA  (30  r 
369 


Figure  17.  Discharge  Performance  of  a Life  Support  Cell  at  75 
After  Five  Months  Storage  at  140°F 


DISCHARGE  PERFORMAMCE  OF  THE  FOURTH  BUILD  OF  LIFE  SUPPORT  CFLLS- 


* Voltage  at  50%  of  capacity. 

Voltage  Delay;  Cell  No.  458  - 7 minutes  at  120  mA,  lowest  voltage  at  2.  14V. 

Cell  No.  461  - 1 hour  at  120  mA,  lowest  voltage  at  2.0V. 

Cell  No.  462  - 30  minutes  at  120  mA,  lowest  voltage  at  2.  OV. 


System:  L1/1.5M  LiAlCl4.SOCl2.SOa/SOCl 

Device;  Life  Support  Cell 

Loads:  120  mA  (30  min)  - 45  mA  (30  min 


Time,  Hours 


Li/1.5M  LiAlCl4.SOCl2.SO2/SOCl2, 
Life  Support  Cell 

120  mA  (30  min)  - 45  mA  (30  min) 
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Figure  20.  Discharge  Performance  of  a Life  Support  Cell  at  75 
After  2 Months  Storage  at  140°F 


System 


Hours 


After  fi\-e  months  storajit-  at  140°F,  fis'e  t ells  of  the  fourth  series  were  tested  and 


exhibited  the  results  shown  in  Table  Xlll.  Uiseharue  data  for  the  tells  tested  at 
75  °F  and  at  32  °F  are  shown  in  Figures  22  and  23,  resnectively. 

5 . PRC-'tQ  Batteries 

The  design,  fabrication  and  evaluation  of  L.i/SOCl  bitteries  around  tiie  requirement 
for  the'  PRC-‘R)  battery  was  the  result  of  original  urojett  task  tradeolts  mutuallv 
advantageous  to  the'  Air  Force  and  Honeywell.  S])et  itieully . the  lubrication  and 
testing  of  nine  Spacee  raft  "A"  units  were  eliminated  and  t lie  de'sign.  talirieation  and 
testing  of  ten  PRC-dO  Li/.SOCH  batle-ries  much-  up  of  four  i ells  e onni-e  ted  in  serie-s 
Were  substituted.  To  accomplish  tliis  within  the  time-  i onstraints  e)i  t lie  < ontraet. 
cell  parts  alrt'ady  available'  in-he)use  we- re  nuidifii-el.  lerminal  plates  ee)ntaining  the 
gla  s s -tei-meta  1 se'al  we'fe  long  leuel  time-  oreh-r  itemis  of  whie  h only  4^  were-  awiilable. 
The'refeire,  a te>til  ejf  43  cells  e>f  tlie  si/e'  te>  be'  use’d  in  the'  PRC-‘*0  batte'i'v  we-re' 
fabricate'd.  During  e-lee't  re>n  bean)  wchling  of  t lie  terminal  olate  t o t he'  i e'll  ease, 
ele'\  e-n  e e-lls  were'  lost  Ije'eause'  e)f  inte-rnal  shorting.  Fight  butte'?'ie'S  v.ere  m ieh'  I rom 
the'  re'maining  32  eu'lls. 

The'  eight  PRC-‘tO  Li/.SOCH  batte-rie'S  wm-  le'Sted  ue  coreling  to  the-  pre-se  ribe'ei  liU' 
support  leiads.  Table  Xl\'  summari/u's  their  pe' r fo  r ma  ne' e-  anel  Figure  s 24  threnigh 
2K  shenv  their  pe'rformane  e'  ut  7',  32,  -20,  -40,  anel-hS°F,  res  pee  lively . 

ti,  .S.i  le't\  f e'Sting 


Mine'  e e'lls  I ropi  the'  lirst  se  rie's  ee  e re'  suliie'it  lei  .short  eireuit  .i  nel  m.eximum  iio\v,t 
I e-st  s . the'  re-s  ult  s being  tu  bula  t e-ei  in  1 a bh-  > \ \'  and  X \ 1 . r e - s])e'C  t i \ e - 1 \ . R e-ii  re' s e' nt  i - 
tive'  plots  of  e iirreuil.  t e- m pe' r,i  t u r e- , anti  now  e- r ee'rsus  time'  euiwe's  ,i  re'  shown  in 
Figvire-s  20  anti  30.  Ihe  rising  ptirtion  ot  the'  pe>we  r eur\e-  in  I igure-  30  is  altribuieti 
t et  1 he  e'xist  mg  pa  ssieat  ing  film  at  I lie'  lit  liium  e-h  it  rode;  this  a noelie  lilm  eouh!  .,lso 
■ tffee  t the  magnituele'  of  the  short  eircuit  lurreiit  \alue  s shown  in  Figure'  2Q.  None 
of  the  e e'lls  I'xhibiti'tl  any  tli  me- n s i on  a 1 ihaiige. 


DISCHARGE  PERFORMANCE  OF  THE  FOURTH  BUILD  OF  LIFE  SUPPORT  CELLS 


Figure  22.  Discharge  Performance  of  a Life  Support  Cell  at  75 
After  5 Months  Storage  at  140°F 


System:  Li/l,5\I  LiAlCl4.SOCla.SO2/SOCl; 

Device:  Life  Support  Ceil 

Loads:  120  mA  (30  min)  - 45  mA  (30  min) 


Figure  23.  Discharge  Performance  of  a Life  Support  Cell  at  32 
After  5 Months  Storage  at  140°F 


DISCHARGE  PERFORMANCE  OF  FRESH  PRC-90  BATTERIES 


System;  Li/1.5M  LiAlCl4.SOCl2.SO2/SOCl2, 

Device:  PRC-90  Battery 

Loads:  120  mA  (30  min)  - 45mA  (30  min) 
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Figure  25.  Discharge  Performance  of  a Fresh  PRC-90  Batte 


System;  Li/l.SM  LiAlCl4.SOCl2.SO2/SOCl 

Device:  Pji<.C-90  Battery 
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Figure  28.  Discharge  Performance  of  a Fresh  PRC-90  Battery  at  -65 


System:  Li/I.5M  LiAlCU.  SOCI2/SOCI 

Device:  Life  Support  Cell 

Loads:  0.02f2 


Figure  29.  Short-Circuit  Test  at  75 


One  ct'll  of  the  first  series  was  subieet  to  forc  ed  clis c ha  r sti ntz . Usinu  a rcjnstant 


current  of  120  mA  or  S niA/cnt“,  the''  cc‘11  was  allowed  to  uo  into  n cersal  lor  24 
hours.  Figure  31  shows  that  the  c ell  went  into  reversal  during  the  initial  portion 
of  discharge  - attributed  to  passivaticjn  at  the  negatice  elec  trode.  Neithc’r  < <dl 
temperature  rise  nor  dimcnsicjnal  change  was  detected. 

Recause  of  the  effects  resulting  from  passi\ation  i roni  the  first  series  of  cells, 
additional  safety  testing  was  performed  on  the’  third  sc‘ric‘S  of  cells.  Oi  the  iour 
cells  of  the  third  series  tested,  two  were'  shcirt-c  ire  uited  a jtcI  two  were  lorce  dis- 
charged at  I amp  constant  current  (28  mA/cm"l.  All  thi-  cc-lls  we're  insulate'd  with 
asbestos  paper  and  tested  at  70°F  without  adverse  incident. 

Representative  results  of  the  short-circuit  and  fore  c'd-dise  iia  rgt'  t-'sts  ,i  re'  shown 
in  Figures  32  and  33,  respective' ly.  During  the  short-circuit  te'sis.  the  current 
peake'd  insta  nta  nc'ously  to  about  b.  8 amii,  and  the'  skin  temperature-  ol  the  ease- 
rose  to  a maximum  of  -t  278’F  in  5 minute-s. 

Under  forced  discharge  conditions  of  1 amp  constant  e'urre'nt  (28  m,-\/cm  ),  the-  maxi- 
mum temperature  (+216°F)  occur  rt-d  15  nainutes  after  0.75  amp-hour  liad  bee-n 
withdrawn  from  the  cell.  An  e-xponential  temperature  deeay  then  occ  urred  as 
the  cell  remained  at  the  1 amp  load  for  one  additional  ho\ir. 

Additional  results  that  arc  safety  re-lated  to  these  Life  Support  Cells  are: 

• lle-ating  of  one  ce-ll  containing  1.  5M  Li,-\lCl4- SOCl,;  e'le-ct  rolyte- 

to  (lOO’F  did  not  cause  the-  ee-11  to  e-xiilode-  ec'en  a ft  e' r maint, lining 
this  t e-mpe  ratu  re-  for  ove-r  three'  liours. 

A group  of  ee-lls  we-re  illowe'd  to  be-  discharged  o\e-r  a we-e-k  e- ne'l ; one-  ce-11 
was  founei  to  ha\e  e-je-efeel  itself  from  the  plastic  sample  holrh-r.  r.urn 
spots  were  notice-d  ne-a  r the-  bottom  ol  the-  e t-11  and  at  the-  liotlom  e>t  t he 
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Figure  32,  Short-Circuit  Test  of  a Life  Support  Cell  at  75°F 
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Discharge  Test  at  75 
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ANALYSIS  OF  TEST  RESULTS 


The  first  series  of  Life  Support  Cells  tunsututes  the  baseline  performanc  e for 
the  entire  project.  The  basic  chemistry  was  the  same  for  the  three  tynes  of  cell 
considered;  therc-fcjre,  the  first  series  ot  both  Spacecraft  A and  Spacei  raft  R 
cells  also  represent  further  extensions  of  this  baseline  performance. 

Only  one  fresh  cell  of  the  first  series  was  subjected  to  the  regular  discharge  test, 
because  of  the  unexpectedly  severe  passivation  described  in  the  previous  section 
under  Test  Results. 

1 . Pa  ssivation 

The  poor  performance  of  the  first  sc'ries  of  Life'  Support  Cc'lls  alter  only  three 
weeks  storage'  at  room  temperature'  was  attributed  to  a passivation  film  th^it 
developed  on  the  lithium  anode.  Previous  data  identified  the  passivating  iilm  to  be 
predominantly  LiCl  with  trac  e amounts  of  S.  which  was  known  to  develop  during  high 
temperature  storage,  but  was  not  expected  to  be  as  severe*  during  short  term  storage 
at  room  tc-mperature. 

To  confirm  the  occurrence  of  lithium  electrode  passivation,  the  bottom  of  a cell 
from  the  first  series  was  removed  to  permit  the  monitoring  of  both  the  positive  and 
negative  eleetrode  potentials  with  respect  to  a lithium  reference.  The  c ell  bottom 
was  separated  from  the  lithium  refere-nce  by  a glass  separator  and  tested  in  a 
sealed  glass  vehicle.  The  results  shown  in  Figure  34  substantiate-  that  tlie  cause 
of  cell  eic'g  raelation  is  anode  passivation. 

A postmejrtc-m  on  the  same  cell  indicated  no  signs  ot  c'orrosion  on  the'  1 1 t>L  st.einle-ss 
steel  colle-ctors.  le-ads,  nor  at  the  s pot -w  c Ideel  junction  between  the  cathode  lead 
and  the  31t>L  stainless  ste-el  can. 


u 1 


d 


At  temperatures  below  75°F,  all  cells  were  given  a 5 ohm  load  in  an  attempt  to 
reduce  the  effect  of  anode  film  on  cell  polarization,  but  to  no  avail.  Only  at  cur- 
rent densities  below  0.  1 nxA/cm^  could  a passivated  cell  be  efficiently  discharged 
as  shown  in  Figure  35.  Total  cell  current  was  2,  4 mA  discharged  to  a 2.  0 volt 
cutoff.  It  delivered  1.24  amp-hours  and  energy  densities  of  10.8  watt- hour s /in^ 
and  108  watt-hours/lb. 

Two  cells  of  the  first  series  were  subjected  to  discharge  at  0.  1 mA/cm/  after  3.  5 
months  storage  at  140°F  and  still  demonstrated  efficient  performance.  One  cell 
was  given  a 28.  6 ohm  (=  120  mA  at  3.  2V)  pulse  load  for  5 seconds  after  338  hours 
of  discharge  and  the  other  the  same  oulse  load  at  various  intervals  as  shown  in 
Figures  36  and  37,  respectively. 

As  a result  of  this  analysis  of  the  effect  of  the  passivating  film  on  cell  performance 
the  following  points  can  be  made: 

a.  The  passivation  phenomenon  does  not  interfere  with  the  cell  chemistry, 
because  heavily  passivated  cells  did  not  exhibit  significantly  reduced  capacity 
when  discharged  at  a low  rate. 

b.  Passivation  adversely  affects  coll  performance  in  two  ways:  (1)  increased 

time  delay  in  reaching  acceptable  voltage  levels  at  the  onset  of  load  applica- 
tion and  (2)  decreased  cell  capacity  at  high  discharge  rates,  and  at  low 
temperatures. 

c.  The  improved  performance  after  high  temoerature  storage  of  the  third  and 
fourth  series  of  Tiife  Support  Cells  show's  the  effectiveness  of  the  n'leasures 
taken  to  counterait  anode  passivation  during  this  project;  viz.  adding  5 per- 
cent weight  SO^  to  the  electrolyte  solution  and  using  a good-qualitv  lithium 


and  LiAlCU. 


ted  Li 


F ^ 


The  effects  of  passivation  on  cell  performance  of  the  first  series  of  Life  Support 
Cells  arc  considerably  reduced  in  the  third  and  fourth  scries  as  demonstrated  by 
their  performance  after  various  durations  of  storage  at  high  temperature.  The 
fourth  series  shows  a noticeable  improvement  o\-er  the  third  series  that  is  due 
entirely  to  decreased  passivation  because  tlie  only  differeme  in  (.ell  design  and 
fabrication  is  the  use  of  a better  grade  of  lithium  in  the  construction  of  the  anode 
for  the  fourth  series.  Even  after  5 months  storage  at  high  temperature,  c ells  of 
the  fourth  series  show  considerable  c-apacity  when  discharged  at  the  prescribed 
rates . 

Cells  from  the  fourth  series  after  5 months  storage  at  140°F  were  discharged  at 
1 mA/cm^  (36  mA)  (greater  than  ten  times  the  discharge  rate  of  the  low  rate  dis- 
charge of  the  first  series)  and  at  2.0  mA/cm’.  Their  pcrfornaa  nces  are  shown 
in  Figures  38  and  39,  respectively.  The  cells  exhibited  at  least  98'’n  ol  the  capacity 
of  a fresh  cell  (nominal  1 . 60  Ahr). 

2 . Effect  of  Temperature 

The  results  of  discharge  testing  of  cells  in  all  series,  botli  fresh  and  after  high 
temperature  storage,  show  a deterioration  in  performance  characteristics  at 
temperatures  below  room  temperature.  The  deterioration  includes  lower  cell 
capacity  and  midpoint  voltage  and  longer  delays  in  reaching  <S0  perc  ent  of  mid- 
point voltage  at  the  start  and  during  a change  in  tlie  load  of  a discharging  cell. 

Data  for  the  tliird  lauild  of  c ells  illustrating  the  effect  cif  tc-mperature  on  cell  capacity 
are  shown  in  Figure  40  and  on  midpoint  voltage  in  Figure  41.  Capacity  data  as  a 
function  of  tempe  rature  for  the  fourth  build  is  shown  in  Figure  42.  The  figures 
also  show  performance  after  storage  at  nigh  temperature. 

3 . Cell  Perfcmmance 

The  optimuiri  performance  demonstrated  by  ,i  Lite  Support  CcTl  during  this  project 


thnf  of  a fresh  cell  of  tlie  fourth  series,  which  exhiinted  the'  following: 


wa  s 


em:  Li/1.5M  LiAlCl4.SOCl2.SO2/SOCl2 

Lee;  Life  Support  Cell 

Is:  72  mA 


\r. 

ro 
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Figure  39.  Low  Rate  Discharge  Performance  of  a Life  Support  Cell 
at  75°F  After  5 Months  Storage  at  140°F 


Life  Support  Cell  Midpoint  Voltage  as  a Function  of 
Temperature  and  Storage  Time  at  140°F 


Ca  pa  i it  y 

Ent-ruy  Density/Vol 
Ent-T^y  Dt‘nsity/\V* 


1.75  A h r 

1 5.  5 watt  - hours /in^ 
1 5 5 wa  tt  - !nm  r s / 1 b 


Those  results  approach  the  ultimate  performance  goals  that  will  be  required  for 
future  Air  Eorce  application  as  described  in  the  Statement  of  Work  and  even  exceed 
the  goal  set  for  C'nergy  density  by  weight.  They  further  compare  la\'()rabl^  \cith 
the  best  performance  of  a fresh  cell  ol  the'  first  series  fabric'ated  to  procide  base- 
line data  and  representative  of  the  state  of  the  art  at  the  start  ot  the  project; 


Capacity 

Energy  Density/Vol 
Energy  Density/Wt 


0.  S5  .\hr 

7.  1 watt-hours /in^ 
70.  d watt -hours  / lb 


These  results  represent  the  best  performance  from  each  respective  series  ol 
fresh  cells  tested  at  room  temperature.  -As  desc  ribed  alDOve.  tht'  pertormance 
deteriorates  in  c mils  stored  at  high  temperature  and  discharged  at  lower  tli.an  room 
temperature.  The  test  results  show,  however,  that  these  deteriorating  influeiues 
were  considerably  abated  in  the  later  series  of  cells,  that  incorporated  changes 
identified  and  developed  in  cell  improvement  studies  carried  on  during  the  project. 


The  discharge  time  and  battery  voltage  of  tlu’  PRC-'^O  batteries,  an  adaptation  ol 
the  G301  3 Life  .Support  Cell,  are  consistent  with  the  fresh  cell  data  provided  by 
the  Life  Support  Cells.  The  battery  can  operate  above  10.0  volts  at  temperatures 
as  low  as  -o5  F.  The  discharge  time  ranges  from  about  1 hours  at  '75  E to 
1 . L hours  at  - n5  I'. 

One  of  the  batteries  disc  harged  at  *75  E exliibited  very  ea  rlv  voltage  drop  to  10.0 
volts  after  Z hours  of  run  time.  The  cause  of  this  problem  was  due  to  an  abnormal 
bc'havior  in  one  cell.  After  about  1 hours  of  run  time  had  passed,  this  cell  exhibited 
a vollag.'  of  -o«  mv  at  the  1 ZO  mA  load  and  -Z4  mv  at  the  4=i  mA  load.  Deep  dis- 
< ha  rging  ol  this  cell  did  not.  howeccr.  cause  adverse  safety  lia/.ards. 


SECTION  IV 


SPACECRAFT  CELLS 

Trit;  Spatft  raft  CtTIs  tunsist  (jI  two  tyoi-s:  Souci.-i.  ralt  A - a his:h  oowi';-  outoat  | 

(.C.T1  with  a rumiinal  capacity  of  ZOO  Ahrs.  and  Sd<h  to  ran  !’>  - a low  poucr  out  out 

ctTl  with  a nominal  capacity  of  500  Ahrs.  Two  scrtos  t-ach  oi  thosf  tills  wcrt- 

built  and  tested,  the  first  series  of  each  inconjoratinc  iniprovenu-nt  s based  on 

studies  conducted  afte  r the  first  series  of  Life  .Sui:)oort  Cells.  The  .-.leto.nri  .series 

ot  cells  of  each  type  exhibited  oerformance  c ha  ra  ct  e ri  st  it  s that  annroaelied  t iu- 

goals  for  capacity  and  energy  output  set  for  Air  Force  a pu h ca t ion s . | 

Elaborate  safety  tjrecautions  were  taken  in  handling  and  testing  the  Snat fcr.ii’  | 

cells  including  the  use  of  the  Honeywell  Ordnance  Proving  Ground  at  Elk  Ri\er.  MX.  . 

and  the  remote  activation  of  cells.  These  lateasures  were  taken  because  l!ont\v.ell  s ^ 

j 

in-house  experience  with  cells  of  this  type  and  familiarity  with  the  Iheralure  on  llie  ^ 

subiett  flictated  that  caution  be  oljserved  with  cells  ol  this  st/.e  and  td  e 1 1 r oc  he  mi  i ,i  1 

s’tSfem.  f 

f 

1 

The  chenustry  of  the  Spacecraft  Cells  is  the  same  ns  that  develoned  during  Inb.iraietw  j 

studies  (tn  the  second  scries  of  Lite  Support  Cells  i 

.A.  DESIGN  .-XND  FABRICATION  | 

I 

I . S pa  c e c ra  1 1 A Cell  ^ 

The  design  and  fabrication  effort  for  the  Soacecraft  ' .A"  Cell  resulted  in  'he  orodiu  - | 

tion  of  two  series  of  experimental  ha  rfK>-a  re  tells.  .Mthougli  the  pr")eit  t.rigin.ilU  I 

specified  that  eaih  series  was  to  ttjiitain  dh  batteries,  t hanging  recj  ui  re  me  nt  s t nd  I 

1 radeoffs  during  the  tourse  of  the  proieit  resulted  in  the  nrt-duction  of  tw'  tells  in 
the  first  st'ries  a nrl  nine  tells  in  tlie  seiond  st>ries. 


( I) 


Figure  43  shows  a representative  i ross  section  of  the  Spacecraft  Cells  and  the 
Figure  44  photograph  applies  to  each  of  the  two  series  of  Spacecraft  "A”  cells 
fabricated.  The  case  and  terminal  plate  were  positi\-e  and  ntade  of  3 1 6L  stainless 
steel.  The  negative  terminal  was  made  of  nickel  and  its  isolation  was  provided  bv 
a glass-to-metal  seal  using  a 3 1 bL  stainless  steel  header.  This  header  was  then 
projection  welded  to  the  terminal  plate.  Final  closure  of  the  terminal  plate  to  the 
cell  case  was  accomplished  using  electron  beam  welding. 

The  hardware  and  internal  c<jmp<jnent  designs  for  the  first  series  ot  .Soacecralt  A 
Cells  is  presented  in  Table  XVII. 

This  tesic  design  was  retained  in  the  second  series,  except  that  the  number  of 
cathodes  was  increased  from  26  to  27,  thu.s  increasing  the  total  cathode  area  from 
4843  cm^  to  5029  (.  ni‘^.  The  operating  current  densities  under  tlte  Spacecraft  ''A 
load  orofile  for  this  final  design  are: 

50A  - ■ 0 mA/ cm“ 

30A  - b.  0 mA/ cni" 

2 5A  - 5.0  mA/cm"^ 

I 6A  - 3.2  mA/ c m“ 


2.  Spacecraft  ''13"  Cell 


The  design  and  fabrication  c[(ort  for  the  Spac  ecraft  "H''  Cell  resultc'd  in  the  orodm  - 
tion  of  two  sc-ries  of  experimental  hardware  c ells.  .'\s  a result  of  c li.mging  reciuire- 
ments  a nrl  nriorities  during  the  project,  the  original  requirement  for  12  units  in 
each  series  was  reducc-d  to  three  units  in  the  first  seric-s  and  nine  units  in  the 
Si-cond  sc-ries.  A representative  cross  sc-ction  of  the  Spacecraft  '13”  Cell,  shown 
in  Figure  38  and  the  photc)graph  in  Figure  40  apply  to  each  cif  the  two  series  of  c ells 
fa  b ricated . 


:FR\AL  C0\!P0.\K>.-!  designs  for  spacecraft  'A'  CELLS 


C 1 rhon  tr>  F.'K'c  I rol  yt  <■ 
Wciiiht  Ratio 


[ ,i.'  lia  rdw.i  r<,-  anti  internal  component  designs  for  the  first  sc-rii  s uf  Spue  ec  raft 
'B'  Cells  is  presented  in  Table  XVIII. 


This  Ijasit  fiesii>n  was  retained  in  the  seconcl  scries.  Tlie  electrode  heipht.  Itowever. 
was  im  reasc-d  from  3.  30  to  4.  3 inches  to  enable  the  cell  to  deliver  a ntjminal 
capacity  ol  500  Ahr  by  makinp  more  active  carbon  a\'ailable  for  the  reduction  of 
SOCl,.  The  tmter  cell  dimensions  fetr  this  series  were  inc  rc'asc-d  to  5.  t,3  x 4.d'  x 
ti.  I ' inches  . 

B.  TL'.Sr  PROGRAM 

1 . Project  Requirentents 

C on. ~ ide  ra  * i ( m of  storape  c ontiitions  , load  profiles,  temperature*  and  safetv  speciiied 
in  the  .Statement  of  Work  for  this  project  governed  the  overall  plan  used  for  cell  test 
and  evaluation. 

1):-.  ha  ritf  c oiiclitions  for  testing  Spacec  raft  "A"  Cells  were  50A  for  the  first  30 
. nd  - ; iromtime  4 31  second  s to  time  *10  minutes;  25.^.  from  time  -10 

p onutis  to  time  • oO  minutes;  50,^^.  1 rom  time  *o0  minutes  to  time  * o 1 minutc*s; 

.!  '.A.  from  time  o 1 minute's  to  time-  • 120  minutes;  and  1 b.A , from  lime  ; 120  minutes 
mi;l  the  \ijltape  drops  bc'low  75  percent  of  the  a\'eragt'  voltage'.  Tc'sts  wc' re  to  be 
e oi, ducted  it  ' <•  mpt' ra  t u re  s ranging  from  50°F  to  140°F.  Howc'vc'r.  due'  to  modi- 
ficatie  ns  in  the*  scope  of  work,  resulting  in  the  testing  of  less  c c'lls,  both  the 
toraite  and/or  discharge  tc'mperature  were  c hangc'd  to  S0°F  for  all  cells.  A 
. > It  1 gi'  delay  of  no  more'  than  5 milliseconds  was  dc'sirc-d. 

Disc  ha  rge  conditions  for  testing  .Spacc'c  raft  'R''  Cells  were'  a constant  0.417  with 
I'.ccc  pulsc'S  of  5 seconds  duration  each,  sfiaced  one  minute  apart.  Fach  sc't  of  pulses 
V 1-  of  the  Same'  amnlitude,  7.5A  and  I 3A  <>n  .i  It  e mate  hours.  I hc'sc'  conditions 
Were  repe  at, -d  until  the  voltage  dropped  lielow  75  percc'nt  of  the  acc'iMgc'  \oltauc'. 


H-A.RDWARE  AND  INTERNAL  COMPONENT  DESIGNS  FOR  SPACECRAFT  "B"  CELLS 


Carbon  to  Electrolyte  0.  104 
Weight  Ratio 
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TfSts  wiTf  to  bf  c'(jnductc‘d  at  tompe  ratur^'S  rantiing  I rom  40°F  to  120°F.  Hou- 
e\-er,  flue  to  modifiiations  in  the  seope  of  work,  resulting  in  the  testing  oi  less 
fells,  both  the  storage  and/or  discharge  temperature  was  changed  to  HOT.  -A 
voltage  delay  of  no  more  than  5 milliseconds  was  to  be  achie\ed, 

1 . Desc  ription  of  Tests 

For  safety  reasons,  a test  program  was  de\'ised  for  tlie  testing  of  Spacecraft 
Cells  which  would  eliminate  contact  between  personnel  and  the  activated  cells.  Tlie 
tests  were  conducted  at  the  Honeywell  Ordnance  Proving  Ground  in  1.1k  Ri\'er. 

Minnesota,  according  to  the  set-up  shown  in  Figures  46  and  47.  Test  boxes  were 
insulated  for  controlled  temperature  testing.  Not  shown  were  x-rorl  shaped  harges 
located  so  as  to  destroy  flischarged  cells.  The  set-up  shovn  in  Figure  4o\\as  used 
to  store  Spaiecraft  '’A"  cells,  and  discharge  fresh  and  store  Spaiecraft  "R"  cells. 

Discharging  fresh  Spacecraft  "A"  cells  and  safety  testing  of  these  cells  used  the 
set-up  shown  in  Figure  4 7. 

An  in-house  built  electrolyte  activation  scheme  (shown  in  Figure  48)  was  used.  It 
was  prepared  in  the  following  way:  (1)  a 1 ,M"  OD  Swagelok  port  connector  with  a 

1/4"  Swagelok  nut  W'a  s welded  to  the  t«Tminal  plate  of  the  lell;  (Z)  a one-wav  Whitey 
ball-valve  was  screwed  onto  the  nut;  (1)  the  outlet  of  this  \alve  was  connected  to  an 
11-foot  316L  stainless  steel  tube  with  a 1/4  " OD.  (An  8-inch  diameter  port  provided 
entry  into  the  control  house.  );  (4)  a one-way  shut-off  valve  was  connected  to  the  end 
of  the  1 1 foot  tube,  the  other  end  of  whicli  was  connected  to  a "T"  union;  (5)  the  "r" 
union  connected  the  electrolyte  reserx'oir  with  a vacuum  punip  \Ta  Teflon  lines 
fitted  with  Swagelok  nuts,  one  of  whii  h uas  connected  to  the  reserc’oir  and  one  to  the 

I 

vacuum  pump  by  a one-way  ball  valve.  .After  a i t i\-i  tion . the  outlet  of  the  shut-olf  | 

valve  was  disconnected  from  the  "T'  union  i nd  capped  tigiitlv  with  a Swagelok  cap. 

.Space<  raft  "A  " Cell 

The  test  plan  for  the  Spacecraft  ".A”  Ca  lls  .onsisted  of  flisc  barge  testing,  storage 
testing  I nfl  s.ifety  testing. 
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Figure  46.  Honeywell  Ordnance  Proving  Grounds  Test  Facility 
for  Spacecraft  "A"  and  "B”  Batteries 


tJ  /!•  a’/ A.'_r 


Figure  47.  Honeywell  Orflnance  Proving  Grounds  Test  Facility 
for  Spacec  ra  ft  "A"  Batteries 
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■ . tli.si  h,i  rui'  tests  were  oerformed  usinu  the  circuit  illustrated  in  Figure  49  at 
> lui  riilli'<l  temperature  of  80°F.  Cells  were  allowed  to  remain  for  two  hours 

■ • . i K i t rolyte  filling  under  OCV  conditions  before  dist  barging.  The  discharge 
.1  s londiuted  according  to  the  prescribed  load  profile  for  Soacecraft  ''A''  Cells. 

■ lie  Ij.isic  raw  data  collected  was  (1)  cell  c-oltage  versus  time  and  (2i  \-oltage 
■'  ■')ility  within  5 milliseconds  after  load  change. 

I he  storage  test  consisted  of  storage  at  80°F  for  periods  of  1 and  3 months. 

. I ebiain  safety  data  for  high  discharge  rate  applications,  discharged  cells  from 
onlh  (he  first  and  second  series  were  subieited  to  continuing  discharge  after  tlic- 
> ut..ff  voltage-  was  reached  (forcing  the  cells  into  rev-orse  polarity)  and  to  charging 
test  (first  series).  One  cell  of  the  final  series  was  subjected  to  short  circuit  testing. 
1 his  test  was  conducted  using  No.  8 size  copper  wires  se  rie  s -connect  ed  through  a 
■^Ivint  ancl  a relay.  The  tcital  locip  resistance  of  this  circuit  was  O.OZti  ohms. 

Sp  i » ec  r.i  ft  " B"  Cell 

’ ' 'e'-t  pi  in  for  the  Spacecraft  ''H  " Cells  also  consisted  of  discharge-  testing. 

■ r.ige  tc-sting  and  safety  testing. 

ii-iharge  tc-sts  were  performc-d  using  the  circuit  illustrated  in  Figure  50  at  a 
' ;"ilefl  tempe-rature  of  SO^F.  Cells  rc-mained  for  two  hours  after  c-1  c-ct  rolyt c- 
; g at  OC\  conditions  before  discharging.  The  discharge  was  conduetc-d  accord- 
- tile  oresi  ribed  load  jarofilc  of  Spa  c c-c  ra  ft  "13"  Cell.  The  basic  raw  data 
.1.  ted  was  I 1 ) cell  voltage  versus  time-  and  ( .3  ) volta  ge  sta  bility  wit  hi  n ^ mi  Hi  - 
'■lids  ol  load  c hange. 

1 ! . ^.tor-ige  test  consisted  of  storage-  at  80°F  feir  periods  of  three-  and  si-<  montlis. 
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Figure  49.  Test  Circuit  for  Spacecraft  "A”  Cells 
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To  obtain  safety  data  on  thesi-  larue,  low  diseharue  rati-  I'ells.  one  eell  of  the 
first  series  was  subjeeted  to  a charging  test  and  one  to  a polarity  rev'ersal  test 
using  discharged  cells.  'Two  cells  of  the  second  series  were  subjected  to  short- 
circuit  testing.  Voltage,  current  and  temperature  data  were  monitored  through- 
out the  test  s . 

C.  TEST  RESULTS 

1 . Spacecraft  'bV'  Cell 

This  section  contains  results  of  tests  on  Spacecraft  ' A''  Cells  conducteci  in  response 
to  the  project  requirements.  They  are  reported  by  series  except  that  safety  testing 
is  reported  in  a separate  sulisection. 

Of  the  two  Spacecraft  "A"  Cells  of  the  first  series,  one  was  subjected  to  discliarge 
within  Z hours  of  cell  activation  and  (he  other  after  4h  days  of  storage  at  95°E 
± 18°F.  The  voltage  and  temperature  historv  of  lioth  cells  during  discharge  test- 
ing is  shown  in  Figures  51  and  5Z  . The  '.-oltage  delay  characteristics  ot  the  storc'd 
( C’ll  is  shown  in  Figure  55.  The  frc'sh  c'cTl  exhibited  no  \ oltage  dc'lay. 

The  fresh  cell  delic  c-red  1 bb.  Z Ahr  of  capacity  and  energy  densities  of  1 1.  t>  watt- 
hours/in^  and  153  watt  - hou  r s / lb.  The  stored  cell  exhibited  a t.  r percent  degrada- 
tion in  capacity  and  a 10.  3 percent  drop  in  energy  densitic-s.  Neither  cell  exliiliited 
thermal  runawav,  and  both  maintained  a \-ollage  regulation  within  ± 10  percent  over 
"5  percent  of  useful  lite. 

Three  of  the'  nine  cc'lls  of  the  second  Spacce  rilt  'A  series  wc're  short  circuit  c*d 
during  c'lect  rode*  stack  inst*rtion  into  the'  case'  and  atte'r  c'lc'ctron  |-)c'a  m welding  ot 
the  terminal  covers.  Ot  the  remaining  six  ■ t'lTs.  one'  was  safc'tv  te'sted.  one  dis- 
charged fresh,  two  discharged  a ft  . r I month  storage  and  two  after  i mc'iiths  storage- 
at  80°F.  The  discharge  historv  of  the  fre-sh  cc-11.  a typical  cell  aftc-r  1 inonth 
storage,  and  a typical  cell  after  ^ i-nonths  storage  ’ire  shown  in  Figufi-s  ^4.  "e . 
and  5t.,  rc'spc-c  tivc'ly . vcdtagi-  dc-liv  data  of  the-  storc-d  cells  a re  shown  in  Figure-  57. 

'•  1 


System:  Li/  1 . 5M  LiAlCU-  SOCla’  SO^/SOCl 

Device:  Spacecraft  "A"  Cell  (2nd  build) 

Load:  Spacecraft  "A"  Profile 

Capacity:  184.  1 Ahr 
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scharge  Performance  of  a Fresh  Spacecraft  "A”  Cell  at 


Capacity:  159.2.  Ahr 


Figure  55.  Discharge  Performance  of  a Spacecraft  "A"  Cell  After 

One  Month  Storage  at  80°F 


System:  Li/  1 , 5M  LiAlCl<-  SOClz’  SOj/SOCl 

Device:  Spacecraft  "A"  Cell 


Figure  57.  Voltage  Delay  of  Spacecraft  "A"  Cells  After  Storage  at  80 


Saft'ty  tfsts  \vf  re  conciacteci  on  the  Spaeecral't  "A''  Cells  to  determine  the  elleits 
of  ehargiiift  already  discharged  cells,  or  of  continuing  discharge  past  the  cutoff 
vf)ltage,  forcing  voltage  reversal.  A short  circuit  test  was  also  conducted. 

After  the  cutoff  voltage  was  reached  on  the  first  cell  tested,  the  discharge  was 
continued.  The  voltage  remained  positi\-e  for  one  minute  and  then  electrode 
polarity  reversal  occurred.  (See  Figure  58  for  analysis  of  voltage  and  case  tempera- 
ture versus  time.)  Nothing  unusual  occurred  in  the  tirst  15  minutes  while  subjected 
to  a 1 6A  load  (the  steady  state  load  for  this  type  of  cell).  The  loati  was  then  increased 
to  Z5A.  Three  minutes  later  the  case  temperature  rose  rapidly  from  Id  I F to  14i  F 
accompaniefi  by  a ' pressure  relea5;e  .sound'  of  moderate  noise  le\<‘l.  Within  one 
minute  after  the  noise,  case  temperature  rose  rapidly  to  about  196'"  F.  Three 
minutes  after  that,  the  case  temperature  decreased  to  about  149°F  (not  shown  on 
figure).  (Above  ''pressure  release  sound''  may  l)e  due  to  breakage  ol  the  gl.iss-to- 
metal  seal  ) The  cell  did  not  explode  and  was  dost  roved  by  the  charge  pieced  on  the 
cell  before  a ctivation. 

After  the  cutoff  voltage  was  reached  on  the  second  cell  tested,  the  ctdl  was  pu*  cjn 
charge  at  a constant  current  of  1 uA . .A-ltc'r  od  minutc'S,  the  cell  exploded.  Salvaged 
parts  are  shown  in  Figure  59- 

One  cell  of  the  final  scries  was  allowed  to  undergo  a deep  discharge  through  0.0 
volts  and  was  then  subjected  let  cc'll  rc'vc'rsal  tor  about  minute's  at  a constant 
current  of  16. 4A.  Neither  violent  reactions  nor  cell  venting  were  deteetc-d. 

•Another  c c'll  of  the  final  series  was  subiected  to  short  circ  uit  testing.  I'or  salct\ 
rc'asons,  the-  lowest  rc'sistance  wnic  h could  l)c'  applied  was  O.Odi  olims.  Alter  ic.  ■' 
minutc'S,  the-  battery  voltage'  dropped  instantlc  to  0.  t "•  volts  \ nd  tile  b.\tlc'r\  explodecl. 
(See  Figure  60  for  an  analysis  of  current  and  case  temperature  versus  time  during 
thi  s tc'St  . ) 


Figure  58.  Reversal  Test  Data  for  a Spacecraft  "A”  Cell  (Final  Build) 
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.026  Ohm 


Figure  60.  Short-Circuit  Test  of  Spat  ecraft  "A"  Cell  (Final  Build) 


This  soition  contains  results  of  tests  on  Spai  ec  rait  "B"  Cells  conducted  in  resnonse 
to  the  project  requirements.  They  are  reported  liy  series  except  that  r>afety  testing 
is  reported  in  a separate  subsection. 


The  discharge  histories  of  a fresh  Spacecraft  "B"  Cell  and  of  one  stored  at  84°  F for 
48  days  are  shown  in  Figures  61  and  6Z  . respectively.  The  frc‘sh  cell  delivered 
390.  1 Ahr  of  capacity  and  1 t..  4 watt  - hou  r s /in^  and  lol  watt -hours /111  of  energy 
density.  During  the  863.4  hours  of  discharge,  the  average  voltage  was  at  3.  0 volts 
more  than  95  perc  ent  of  the  time.  After  storage,  the  c ell  extiibited  no  change  in 
voltage  cha  ra  cte  ri  Stic  s , but  the  capacity  and  energy  density  dropped  2.  3 pc-rewnt. 

Thc'  discharge  history  of  frc'sh  Spacec  raft  ' B’  Cells  1 rom  the  second  series  as  well 
as  cells  storecl  at  80°F  for  3 months  are  shown  in  Figures  o3  and  64-  \ oltage  delav 
characteristics  on  the  cells  stoned  lor  5 months  are  shown  in  Figure  65. 

In  order  to  determine  whether  the  cathf>de  structure  used  lor  the  Spacecraft  ' B' 

Cell  can  sustain  higher  continuous  discharge  rate,  one  cell  I rom  tlie  linal  series 
was  discharged  at  the  100-hour  rate.  These  data  are  shown  in  Figure  66- 

Safety  tests  were  conducted  on  the  S]iacec  raft  "B"  Cells  to  determine'  the  elfects 
resulting  from  charging  cells  at  a constant  current,  from  reversing  cc'll  polarity, 
or  from  short  circuiting  the  cells. 

One  disc  harged  c ell  of  the  first  series  was  suiyjected  to  a c ha  rging  test  at  i.  ->.\ 
and  I 5.A  constant  curre-nt.  I'oltage  .tnd  case  1i-mpernture  data  versus  time  .in- 
shown  in  I'igurc'  67.  It  is  noteworthy  tliat  this  cell  was  alilc-  to  accept  i.  ^ hours  ol 
charge  witiiout  genc-rating  a ha/.irdous  incidc-nt.  In  contrast,  the  Spacc-c  rait  ' A 
Cell  exploded  after  accepting  charge'  for  onl\  one  liour. 
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Figure  61.  Discharge  Performance  of  a Fresh  Spacec  raft  "B"  '^ell 

(400  Ahr  Design)  at  87°F 


System:  Li/1.5M  LiAlCU*  SOC12*  SOz/SOC^ , 

Device:  Spacecraft  ”B"  Cell  (2nd  build) 

Load:  Spacecraft  "B"  Profile 

Capacity:  452  Ahr 


106 


t 80 


System:  Li/1.5M  LiAlCl4- SOClz*  SO^/SOCl 

Device:  Spacecraft  ”B"  Cell  (2nd  build) 

Load:  Spacecraft  "B”  Profile 

Capacity:  454.  5 Ahr 

Energy  Density:  Whr/in^  - 17.3  --  Whr/lb  - 262 


System:  Li/1,5M  LiAlCU’ SOClz' SO2/SOCI 

Device:  Spacecraft  ”B"  Cell  (2nd  build) 


Figure  65.  Voltage  Delay  at  80°F  of  Spacecraft  "B"  Cells  (500  Ahr 
Design)  After  Three  Months  Storage  at  80”F 


System:  Li/l.5M  LiAlCl^- SOCli- SO2/SOCI 

Device:  Spacecraft  "B"  Ceil  (1st  build) 

Load:  0.  7 ohm 

Current  Density:  1.7  mA/cm^ 


Figure  66.  Discharge  Performance  of  a Spacecraft  "B"  Cell  (500  Ahr 
Design)  at  the  100-Hour  Rate  at  60-70°F 


Anothfr  dis  c ha  r god  tfll  of  tho  first  series  was  subjcitod  to  a revorsal  test  at  1 5A 
constant  t urrent.  Figure  presents  voltage  and  temperature  data  versus  time. 

Again,  no  hazardous  incident  occurred  e\-en  after  five  hours  ot  polarity  re\‘ersal. 

Two  cells  of  the  final  series  were  subjected  to  short  tircuit  testing.  (Actual  loads 
of  0.  020  and  0.  026  ohms  were  applied  due  to  the  resistance  (T  the  shunt  wiring.  ) 

Data  drawn  from  Table  XIX  are  presented  in  Figure  69  showing  olots  of  current,  case 
temperature  and  power  as  functions  ol  time.  Ambient  temperature  during  the  test 
ranged  from  65'’F  to  75°F.  The  maximum  case  temperature  reached  was  214°F. 
which  is  16"  below  the  melting  point  of  sulfur  and  142°  below  the  melting  point  of 
lithium.  Results  indicate  that  these  low  discharge  rate  cells  can  be  safely  short- 
circuited  for  at  least  one  hour  (longer  tests  were  .not  conducted.  ) After  remo\-al  oi 
the  short  circuit,  this  cell  was  permitted  to  retnain  at  OCV  for  about  18  hours.  The 
cell  was  again  reshorted  for  about  30  minutes  exhibiting  a peak  current  of  44  ampert'. 
Approximately  35  minutes  after  removing  the  short  circuit,  this  cell  was  subjected 
to  rifle  fire.  Three  (3)  .22  long  rifle  slugs  caused  no  change  in  cell  performance 
(OCV)  although  the  can  was  dented.  A fourth  .22  long  rifle  slug  penetrated  the  can 
and  some  sparks  and  smoke  occurred.  The  voltage  droped  to  2.  <0  volts. 

Shots  with  an  M-  1 (30-06)  rifle  were  taken.  During  this  time  the  voltage  fluctuated 
around  2.  75  to  2.80  volts,  det  reasing  to  2.  12  \olts  and  rising  as  high  -ts  3.  |5  \olts. 
then  dei  reusing  to  1.87  volts  and  rising  to  2.87  volts.  At  this  time  the  case  was 
penetrated  by  a 30-0o  slug  and  an  explosion  occurred.  A large  c loud  of  white-  smoke 
engulfc'd  the  test  pad. 

D.  ANALYSIS  OF  TKST  RFSULTS 

1.  Spacec  raft  "A"  Cell 

Figure  70  siimmari/es  the  performanc  e-  rc-sults  on  the-  linal  sc-ric-s  ol  S])acc-c  ralt  A 
Cells.  After  one  month  storage,  capacitv  and  c-nergy  density  pc- r fo  rma  nc  e dc-gr.idc-d 
by  about  13”'...  This  degradation  rate-  then  dc-creases  an  additional  2.'(  with  respc-ci 
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lAnLF  XIX 


Tim(“,  Minutc-s 

SHCRl  CIKCUn 

= W.  u2  CHMSl  TESl  L\G 

CF  A 

SPACECRAFi  "L."  CELL 
Voltat'c  Current, 

!l-me 

0 

1 . 85 

1 1^1 

64 

1 

1.93 

1 04.  6 

- 

Z 

2.00 

1 00.  8 

66 

3 

2.  03 

9‘L  6 

71 

4 

2.05 

98.  8 

7 5 

5 

2.07 

98.  2 

80 

10 

2. 09 

98.  6 

97 

1 5 

2.07 

96.  6 

1 1 3 

ZO 

2.03 

95 

1 32 

25 

1 . 96 

92.  4 

142 

30 

1 . 87 

91.8 

1 5 6 

35 

1 . 68 

84 

172 

40 

1 .49 

78.  4 

190 

45 

1.11 

61 . 2 

202 

50 

. 71 

43 

208 

55 

. 51 

36.  8 

210 

60 

. 52 

34.  6 

214 

1 1 


to  the  capacity  and  7.  0%  with  respect  to  the  energy  density  after  3 months  of 
storage.  A linear  drop  in  cell  voltage  occurred  at  a rate  of  50  mv  per  month. 

Continued  drop  in  the  instantaneous  cell  voltage  and  voltage  delay  time  based  on 
the  first  50A  (9.9  mA/cm^)  pulse  were  exhibited  during  the  course  of  cell  storage. 
After  one  month  of  storage,  the  voltage  delay  time  was  80  ms  to  recover  to  2.49 
volts  (75%  of  the  average  load  voltage).  This  recovery  time  increased,  after  3 
months  of  storage,  to  320  and  560  ms  to  reach  2.  45  volts  (75%  of  the  average  load 
voltage)  for  the  two  cells  tested.  Voltage  delay  was  exhibited  at  only  the  starting 
50A  pulse. 

2.  Spacecraft  "B"  Cell 

The  capability  of  the  second  and  final  series  of  Spacecraft  "B"  Cells  to  deliver  a 
nominal  500  Ahr  capacity  was  demonstrated  via  discharging  a cell  at  the  100-hour 
rate  (1.7  mA/cm^).  A lesser  output  (452  Ahr  avg)  was  obtained  at  the  prescribed 
Spacecraft  "B"  loads  whereby  cutoff  voltage  was  dictated  by  the  1 5A  pulse  (5.8 
mA/cm^)  to  a cutoff  voltage  based  on  80%  of  the  average  load  voltage. 

Neither  cell  voltage  nor  capacity  showed  any  degrading  trend  based  on  three  months 
of  storage  at  80°F.  Discharge  performance  data  for  all  Spacecraft  "B"  Cells  tested 
are  presented  in  Table  XX. 

Two  Spacecraft  "B”  Cells  of  the  second  build  were  to  be  discharged  after  6 months 
of  storage.  The  six  month  storage  period  was  c ompleted  on  15  November  1976. 

Since  no  degradation  due  to  storage  had  oc  curred  in  three  months  and  OCV  values 
were  good  (3.  68V)  after  6 months  of  storage,  the  benefits  of  discharging  these  two 
remaining  cells  after  6 months  storage  was  questioned.  The  technical  people  at 
Honeywell  and  the  Air  Force  involved  in  this  contract  agreed  that  longer  term 
storage  would  better  serve  the  needs  of  the  Air  Force  and  therefore  storage  and 
eventual  testing  of  these  two  cells  will  be  continued  by  Honeywell  at  no  cost  to  the 
Gove  rnment. 
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TABLE  XX 


DISCPLA.RGE  PERFORMAX'CK  OF  SPACECRAFT  "B"  CELLS  I 

Storage  Temp:  ~ HO  F ] 

Discharge  Temp;  ~ HO'F 


CelT;= 

Build 

Storage 

Time 

Dis  cha  rgt, 
L oa  d 

Ca  pa  t _i'  t 
Deli',  t red  . Ah  r 

Energy  Density 
Whr/Tb  Whr.'i 

First 

N one 

Spacecraft  "B" 

30(1 

Z-  Z D.4 

First 

1 . 5 months 

S pa  c e c ra  ft  ’ ' B ' ' 

3h  1 

1 5 t .l 

1 O.  0 

F i rst 

1 . 5 mont  hs 

Spacft  raft  ''B'' 

3 s4 

2 

14.  s 

Second 

X one 

Spat  ec  raft  ' B' 

45Z 

ZoZ  17. Z 

.Second 

None 

Spa cet  raft  'B  " 

444 

Z 57  1 o.  '* 

Sec  ond 

3 nionths 

Spacecraft  ' B 

454 

ZoZ  17.3 

.Second 

3 months 

Spacecraft  B" 

45  5 

Z(,Z  17.3 

.Second 

Second 

6 months 
f)  months 

.\t  the  comoletiftn  of  this  contract.  OC\'  v 
for  both  Cells.  Due  to  the  need  for  long  t 
these  cells  are  still  on  storage  at  SO  V , 

a 1 ue  s w e re  3 . ' ^ \ 
e rm  .st  or  i gc  . 

.Second 

None 

0.  7 Ohms 

S 1 8 

Z S e 1 ,S  . r 

Note: 

The  cells  tested  under  the  Spacecraft  ”B''  load  profile  were  lonsidt-ri'd  lomplele  whi'u 
the  15  A pulse  load  first  reached  Z.H8\’.  Approximatelv  10'’.  niore  cap.icity  was  diliveiu-d 
before  the  voltage  of  the  background  load  (0.417  Al  ri-ached  Z.8S\'. 


First  anfi  Sei  ond  i ell  builrls  were  of  idi-ntiial  rlesigns  ('xcept  tliat  1 h«‘  tells  of  t he 
secfjnd  build  were  larger.  Cell  dimensions  are:  First  buiUl  - L'  int  ht's  x 4.  i inches  x 

5.5  inches;  .Set  imd  builrl  - l.n  inches  x 4.  ^ inches  x t).  Z imlies. 


After  the  three  month  storage  pericjd,  \'oltage  delay  was  not  displaved  at  either 
the  0.417A  background  load  or  the  7.  5A  and  15A  pulse  loads  based  on  recovery 
time  to  80%  of  the  average  load  \oltage. 

Operation  of  the  Spacecraft  "A"  and  ' R'  Cells  under  the  normal  discharging  and 
deep  discharging  modes  did  not  cause  any  adverse  prc'ssure  venting  and/or  explosions 
to  occur.  The  high  rate  Spacecraft  ’'.T''  design  is  more*  dangerous  since  it  exhibited 
either  instantaneous  pressure  venting  and/or  c ell  explctsion  wlten  subjected  to 
charging,  polarity  reversal  and  short  circuit  testings.  For  the  low  rate  Spacei  raft 
"B"  design,  neither  pressure  venting  nor  cell  explosion  occurred  whem  they  were 
charged,  force  discharge  into  polarity  rex'crsal  or  short  circuited. 


SECTION  \- 


CELL  IMPROVEMENT  STUDIES 


A.  GENERAL 

The  Statement  of  Work  for  this  project  (alU-d  for  exnlo  ri  t o rv  de\ eloonu-nt  to 
improve  t)te  Derformance  of  the  (.ells.  The  laliora’orv  studies  conducted  \cere 
based  on  I lonev'vell' s previous  RkD  experience  with  'hi'  Li'SCCL  s\.-'ten'i,  iamiliar;t\ 
with  recently  published  material,  and  the  results  of  various  tests  on  the  first  series 
of  Life  Suoport  Cells.  Particular  attention  was  focused  on  ill  negative  electrode 
passivation.  iZ)  optimi/tation  of  the  pcjsitive  I'li-i'Tode  structure,  and  i i i-lect  rol\ te- 
st udies  . 

n.  EXPERIMENTAL  TECIINIOUES 

As  a result  of  ijrevious  experience  with  the  Li/SOCL  system.  Honeywell  emplo\t'd 
several  devices  and  techniques  that  have  proved  usc'ful  in  diagnosing  the  cause  oj 
poor  cell  performance  and  either  effecting  improvements  or  identifying  promis- 
ing areas  for  further  exploratory  development.  Some  of  these-  devices  and 
techniques  are:  (1)  a laboratory  cell  sealed  in  a glass  test  vehicle,  (dl  cyclic 

voltammetry  for  determining  anodic  film  thickness,  and  (i)  scanning  c-lectron 
microscopy  for  analyzing  the  surface  structure  of  anodic  films.  Standard  te  ch- 
niques were  used  also  for  measuring  the  vapor  pressure,  density  and  other 
properties  of  the-  electrolyte  solution  and  for  the  preparation  of  an  improved 
electrolyte  salt. 

1 . La  lio  ratory  Cell 

E;gure  71  sivne  s a tvpiial  laboratorv  (ell  in  a ^e-aled  gl.i.o  'est  \(-hi(le.  This  (ell 

used  a t h ree -j)lat  e-  ele(  tro-’e  . on  figu  ra  1 1 on . It  was  -ise-d  to  (ondviet  studie-s  tor  ' 

1 m p r <>'■  I - me  n'  in  i -i  t h<  >d  e structure  and  to  ( 1 1 - ' e r m i tie  t li(-  \ ,i  p(  > r le  r i-  s .s  u r e build  u i 

i 

fluring  e ell  fhs.  ha  rgt-.  I h<-  glass  - ehu  It-  eeas  also  use-d  to  obt.iin  v.apor  ■)re-ssur(- 

i 

data  on  e l(-(  f rolyt  e solutions  as  a liuKt.on  <>1  t mix- ra  t u re  . j 

IT' 

- ■ I 


PYREX  TUBE 
SHIELD 


ELECTROLYTE  LEVEL 


Cyi.  lit  \'ultammetry 


Severe  polarization  of  the  anode  revealed  during  testing  of  the  first  series  ol  Lite 
SuDDort  Cells  prompted  the  use  of  eyelic  voltammetry  to  investigate  the  purity  ol 
the  electrolyte  solution.  Also  the  improved  voltage  delay  performance  of  some 
partially  discharged  cells  promoted  its  use  in  evaluating  the  ellect  of  employing 
additives  based  on  the  discharge  products.  The  technique  also  proved  useful  in 
making  approximate  calculations  on  the  thickness  of  film  formation  at  the  working 
electrode. 

All  the  conducted  experiments  used  a Princeton  Applied  Research  Fleet  ro- 
analytical  Instrument  Model  No.  170.  A pola  rog  ra  phic  cell.  Model  No.  o^li,  was 
employed  and  it  comprised  of  a lithium  rele  rente  electrode,  a working  platinum 
electrode  and  a platinum  auxiliary  electrode.  Before  each  experiment,  the 
surface  of  the  working  electrode  was  wiped  with  a soft  pa  pc‘ r c loth  and  then  rin.sed 
in  distilled  water.  Scan  rate  was  lixed  at  100  . 

3 . Scanning  Electron  Microscopy 

Further  information  concerning  anode  passivation  was  obtained  by  obser\ing  the 
LiCl  film  with  the  aid  of  the  scanning  electron  microscope.  It  was  impos.sible  to 
obtain  photomicrographs  of  actual  cell  anodes  because  the-  glass  separator  could 
not  be  removed  w'ithout  damaging  the  litliium  surl.ice.  Photomicrographs  were 
obtained,  however,  of  lithium  strips  stored  in  sealed  glass  anipuls  in  the-  elect  rcdvte 
solution  selectefl  for  study. 

.After  a specified  period  of  storage-,  the  ampuls  were  broken  and  tile  spec  imens 
t ho  r oug  h 1 \ r’  n s ed  in  pure  SOC 1 > . Alter  allowing  the  specimens  to  dry  in  a desiccator, 
they  wc’ re  pastc-d  onto  aluminuin  mounts  with  Ag  paint.  Lp  t<5  this  point,  spe-cimen 
preparation  was  conducted  in  a dry  room  with  Rtl  < ■^’  . Nc-ither  dr\  room  nor  glc'vc- 
box  facilities  were  available  at  the  .SFM  site.  Iherefore.  the  time  period  requir.-d 
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to  transfer  the  specimen  mount  to  the  microscope  chamtjer  was  kc'ot  to  a minimum 
and  was  never  allcjwed  to  exceed  ten  seconds.  Contrcjl  snecimen  usinu  nure  Li 
confirmed  that  no  ’’artifacts"  were  t reated  durinu  this  ten  second  time-  uc-riod. 


C.  ANODE  STUDIES 

The  unexpectedly  severe  passivation  of  the  anode  that  occurred  on  the  first  series  cjf 
Life  Support  Cells  after  only  3 weeks  storage  at  room  temperature  caused  most  of 
the  cell  improvement  effort  to  be  directed  to  the  solution  of  the  anode  passic'ation 
problem.  As  stated  earlier,  the  entire  second  series  of  cells  was  employed  in 
laboratory  studies  addressing  this  problem.  One  approach  to  solving  the  passi\ation 
problem  was  based  on  the  following  c onsidc- rations : 

The  pc.)or  voltage  delay  response  and  poor  i ell  capacity  of  the  first 
series  ol  cells  prcjv^ed  to  be  largc'lv  caused  bv  t hc>  passivatc'd  condition 
of  the  lithium  anocU-. 

It  was  observed  that  partially  disc'narged  cells  c-xhibitc-d  tc-mporarv 
improvement  in  voltage  delay  response  after  storage  when  compared 
wit.h  fresh  cells. 

Honeywell's  analysis  of  the  chemical  reaction  during  discharge  was: 

4 Li  ‘ Z SOCL  4 LiCl  4 SO,  • S ill 

These  considerations  led  to  studies  of  the  effect  of  pretreating  the  lithium  anode 
witii  anhydrous  SO,,  hopefully,  to  effect  a lithium  dithionite  coating,  using  pre- 
discharged electrolyte,  and  doping  eleitrolvte  solutions  with  various  amounts  of  .S. 

S + SO^  and  SO2  (a  concept  borrowt'd  from  the  LiLSOj  technologv).  The  effects  of 
these  modifications  were  analv/ed  in  laboralorv  cells  a.id  on  the  anode  itself  bv 
means  of  cyclic  voltammetry  and  scanning  electron  mic  riscopv  .)  nd  on  the  sec  onrl 
seric'S  of  Life  Support  Cells  by  varying  the-  cltemistrv  of  the-  elc-ctrolvte  as  desc  ribc'd 
in  Ta  bit'  XXL 
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SECOND  BUILD  OF  LIFE  SUPPORT  CELLS 


Also  considered  in  the  studies  of  anode  passivation  were  the  quality  and  purity  of 
materials  used  in  cell  fabrication  especially  the  electrolyte  salt  and  the  lithium. 

1 , Analysis  of  the  Passivation  Problem 

Previous  Honeywell  work  on  the  lithium  inorganic  system  indicated  that  the  cause 
of  lithium  passivation  is  due  to  the  LiAlCl4  salt.  X-ray  diffraction  and  x-ray  energy 
dispersive  studies  identified  the  passive  film  at  the  lithium  surface  to  be  predominantly 
LiCl  and  trace  amounts  of  sulfur.  Dark  field  optical  microscopy  and  SEM  work 
showed  conclusively^  that  the  lithium  surface  remained  clean  for  as  long  as  one  year 
at  165°F  when  exposed  to  oure  SOCl^  containing  no  salt.  Presence  of  excess  AICI3 
in  the  salt  can  accelerate  the  growth  rate  of  the  anodic  film.  Strong  evidence  exists 
to  supoort  this  adverse  role  of  AICI3  on  film  formation  based  on  detailed  morphologi- 
cal studies  on  lithium  surface  exposed  to  electrolyte  solutions  doped  with  excess  AlClj-'h 
It  is  imperative  then  to  determine  the  effect  of  different  grades  of  the  LiAlCU  salt  on 
the  relative  degree  of  negative  electrode  passivation. 

Raseri  on  the  results  obtained  through  x-ray  diffraction  and  gas  ch  romat  og  ra  pliii 
analyses,  Honeywell  believes  that  t lie  overall  <ell  reaction  during  discharge  in  the 
Li/LiAlCl4:SOCl^/SOCH:C  system  is; 

4 Li  ‘ d SOCl.  ► 4 LiCl  ■ SO^  • S 


l.,ithium  ihloride  exists  as  the  insoluble  solid  product  at  the  cathode  fluring  dis- 
charge. The  fjbservatifin  that  partially  discliarging  a cell  can  provide  a temporar\- 
solution  on  minimizing  Li  passivatif>n  flirected  importance  to  the  funttional  role  <'f 
SO,  and  S.  It  is  further  believed  that  on  a partially  discharged  cell  storefi  at  140  F 
and  above,  a concomitant  reaction: 

d .SOCL  « 1 S ► d S^CL  • SOj  (d) 

Work  oerformed  by  Honey'well  prior  to  award  of  this  contract. 
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could  occur  which  ^iccs  strc.'rmcr  -ut)DC)rt  to  the  bcnc’tic  ia!  roK-  o(  SOj  in  minimi  y.i  nu 
anode  pa  s si\-al  ion.  The  proposed  reaction  li)  could  be  us«.’d  also  to  account  tor  the 
lower  capacity  output  obtained  at  hieh  temperature  and  also  the  trace  aniount  ot 
sulfur  detected  on  the  surface  of  the-  Li  stored  at  high  temperature. 

Sulfur  dioxide  may  act  as  a complcoxing  a izent  in  the  SOClj  sedution.  Thc>  solubilitv 
of  SC  2 in  pure  SOCl , is  5.  0'’’  by  u cught  a nd  1 1 . 5'’o  by  u eight  i n a 1 . 5M  LiAlC  14-  SCC  L 
solution  (Sec-  Electrolyte'  Studies;, 

d . Investigativ'e  Procedures 

Based  cjn  the  analysis  of  the  passivation  orolilem  discussc'd  under  tile  pre'e  ceding 
heading,  the-  following  variable's  wc-re  in  ve  st  i ea  t c'd  : 

The  use  of  purer  and  better  quality  electrolyte  salt. 

The  use  of  oartially  dischargc'cl  cells. 

The-  use  of  elc'c  t rol  vt  c'  from  c.'lls  discliarged  in  lalioratorv  ccTls. 
Pretreating  the  lithium  anode  with  SO  ■. 

Dooing  the  elect  rolvte  \c  ;t  h ,S . SCj  and  .S'  ■ SO_,  in  \vi  rioiis  quantities. 

The  effc'Cts  of  tiic'Sc'  \arjables  'in  the  [lassi  .alion  oroljlem  were  analv/ed  as 
fo  1 lows : 

. i\[  e I s u r i n g (he*  voltage  de  1 i \ and  c ■ 1 pa  c 1 1 v c ha  ra  i t e r i .si  1 c s in  la  bo  ra  t o r y 

cells , 


b. 


Evaluation  of  I he  anode  film  siriirt'irc  i nd  ihicknc'ss  In  c \ c lie  \-ol’  i nm  ui  r\ 
and  SI  I lining  elec  1 ron  mic  rose  op\  . 


l-'a  Ij  ri' Ht  inu  ha  rflu  .1  ri'  it'llb  (oniainiruj  all  Dossiblt-  fleet  rol\t  e \-ariatians 
anri  disi  ha  rijinii  them  ai't(>r  stnrau<-  a*  hieh  ♦^c-mpe  ra  t u re . 


When  the  i n\estiaat  ion  indicated  th.it  flopini;  'h<-  electrolyte  solution  with  SCj  was 
the  most  i-i'fcctive  r>-spcjnse  tcj  the  pa  ssiceition  n»-oblem,  the-  eltect  on  a strip  ol 
lithium  ol  partial  immersion  in  an  cdeetrolvte  solution  containing  O'’  , . 10%, 

and  ZO'’!  bv  weight  ol  SO,  was  determined. 


When  the  third  series  of  Life  Suoport  Cells  exhibited  noorer  performance  than 
expected  .ifter  ^toragi-  ,it  iiigh  t I'moe  r 1 1 u re  , it  was  attributed  to  a worseming  ol 
the  passivation  oroblcMii.  A group  oi  ha  rciw.c  re  i c'lls  were  fabricated  to  investigate 
all  possible  variation  betwee-n  tiie  lic'tter  oerforming  cells  resulting  from  studies  on 
the  second  sc-ries  and  the  cells  of  the  third  series. 


Results  of  the-  Anode  Studies 


Tile  following  is  ,i  summary  of  the  results  oi  the  sc'paratc'  investigations  into 
Dossiblc-  causes  of  anode  passivation  a nd  remedic-s  to  reduce  it: 


Cyclic  volta  mmog  ra  ms  (Figure  TZl  indicated  distinct  differc-nce  among  the 
tlirc’e  grade’s  of  Li.'^lCl4  salts  iSc’C’  Flectrolyte  Studies!.  I he'  peak  area  is 
relatatile  to  film  thickness  using  a model  calculation  proposed  bv  Shaw  . 
F'ilm  thickness  calculations  presented  below  show  detrimental  effects  of  the 
poorer  quality  LiAlCU  prepared  by'  a vendor  from  an  organic  solve’nt. 


Calculateri  Film  rhicknesses  on  Plat  inurn  Su  r fa  ce 
From  Cvclii  \'oltammetrv  Data 


Film  Thicknc’ss. 


repa  r.it  i on  .Method 

of  Li. ’MCI  4 I'c' mpe  ra  t u re  . C Film  Thicknc'ss. 

.Supplied  by  vendor's  pate-nt  pending  Z4  .s'tti 

Met  11  1 t lic’t  i c ,1 1 Z4  Z'M 

Fiis.’d  Z4  Z40 

* M.  .Shaw.  lilecl  rochemica  1 Ch.i  r.i  c t e ri /.a  t i on  of  Systems  fo  r .Sec  onda  ry  P.attc'rv 
Applic  ations",  NA.SA  CR-7Z0t)‘>. 


1 Zo 


1 


Thesf  calculations  are  consistent  with  the  ha  rflwii  re  results  (Lite  Supoort 
Cells)  based  on  high  tempo  rature  storage. 

b.  Doping  the  electrolyte  solution  uith  5”'.  by  weight  of  SO^  caused  the 
greatest  reduction  in  the  effects  of  anode  pa  s si\-at  ion  . Laboratory  and 
hardware  cells  so  dooed  exhibited  better  voltage  delay  resuctnse  characteris- 
tics and  cell  capacity  after  high  temoe  rature  storage  when  compared  with 
cells  with  undoped  electrolyte,  cells  doped  with  different  amounts  of  SO,  or 
other  doping,  and  cells  partially  clischarged  or  containing  discharged  elec- 
trolyte. Typical  photomicrographs  of  lithium  surfaces  are  presented  in 
Figures  73  and  74,  showing  respecticely  a highlv  preferred  surface  structure 
after  high  tcnipe  rature  storage'  in  an  Li.‘\lCl4*  SOCL  solution  containing  the 
fused  salt  and  5 percent  by  weight  <>l  SO2  dopant,  and  a highly  passivated 
surface  after  high  tempi;ralure  storage'  in  the  same  solution  containing  salt 
prepared  in  an  organic  medium  with  no  -SO^  additive. 

c.  Doping  the'  electrolyte  with  lo  :,  and  20"'  by  uc'ight  of  .SO^  had  a detrimental 
effect  on  the'  voltage  delay  characteristics  and  capacity  of  hardware  cells 
aftc'r  storage  at  high  tc'mpe  rature  (Figure'  7bi. 

d.  The'  qualitv  and  purity  of  the  lithium  usc'd  in  fabricating  tlie  anode  has  some 
effc'ct  on  passivation  as  evidc'ncc'd  liy  thc'  superior  performance  of  the'  fourth 
serii'S  ovi'r  the  third  series  of  Life'  Sunnort  Cc'lls  alter  storage  at  high  tempt' ra- 
t u re . 

c' . The  following  procc'durt'S  rc'sullt'd  in  no  i mn  rov<' mc' nt  in  cell  oa  s sication: 

111  doping  the  t'lt'<  1 rolvt  <'  with  ,S  and  S • .SO..;  l2l  nretreatment  of  the  lithium 
anode'  with  SO^;  (3)  the  use  of  predisclia  rged  electrolyte;  and  (4)  'lartiallv  dis- 


I 2H 


cha  rging  ct'lls. 


A 


B 


Fipure  7A  Surface  Structure  of  Lithium  when  Stored  in  1 . OM  LiAlCl4 
( Fused  i- SOCI2  r 5%  by  Weight  SO^  at  IbZ'F  for  One  Week 

SFM  SKCONDARY  MODE 

A.  Mag.  ZOOX 

B.  Mag.  500X 
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igurc  74.  Surface  Structure  of  Lithium  When  Stored  in  1 . OM  LiAlCl 
(Prepared  according  to  pending  vendor  patent )•  SOCl^  at 
1 65°  F for  1 1 Days 

SEM  SECONDARY  MODE 
MAG,  lOOX 


System:  Li/  1 . 5M  LiAlCl^-  SOClj-  SO^/SOCl 

Device:  Life  Support  Cell 

Loads:  120  mA  (30  min)  - 45  mA  (30  min' 


Figure  75.  Discharge  Performance  t>f  Life  Support  Cells  at  75°F  After 
Four  Months  Storage  at  165°F  (Nominal  Fresh  Cell  Discharge 

Time  is  16  Hours) 


Other  noteworthy  points  are: 

1.5M  LiAlCU- SOCI2  electrolyte  solution  doperl  with  yellow  suliur 
would  not  dissoK’e  at  room  temoerature.  Its  dissolution  in  the  elect  rolyti 
takes  place  only  at  140°F  and  aboyc.  All  the  sulfur  in  the  sulfur-doped 
solutions  had  been  p re -fi  i s s oleed  at  165°F  betore  the  solutions  wc'rc 
used  to  fill  cells.  Once  dissolyed.  the  sulfur  would  not  re  p reci  oita  t e 
when  cooled  pro\'idinp  more  evidence  for  the  validity  of  reaction  (2). 
Irrespective  of  the  dopina  levels  of  suliur  in  the  solutions,  polarization 
studies  on  a fresh  cell  (cell  voltage  (E)  versus  current  density  (I)  cur\es) 
showerl  that  thc>se  solutions  give  exceptiona  lly  high  cell  x'oltagc’S  uncic-r 
load.  At  current  cK-nsity  of  3.47  mA/cnF,  about  1 -iO  mv  difference- 
(baseline  c ell:  A 37  volts)  was  obtained  when  c ompared  to  the  baseline 
cell  ( I . 3,\I  EiAlCU- .SOCE  solution).  The-  high  load  vol'.cges  could  pro- 
bably be  due  to  the  presenc-e  of  S2CI2  (reaction  (21  - giving  rise  to  two 
distinct  "pl.iteaus”  during  discharge. 

The  first  high  voltage-  plate-au  (3.  55  volts)  always  exhibited  very  good 
voltage-  regulation.  But  the  second  voltage  steo  in  the  discharge  alwavs 
flisplaye-d  high  polarization  (Figure  76).  The  discharge-  time-  e'orre-spond- 
ing  to  the  first  step  was  found  to  vary  directly  with  the  douing  le\e-l  01 
sulfur.  .Significai  tlv.  only  the  first  step  can  be  discliarged  at  -2  ) F 
(Figure  77). 

• Pretreatment  of  the-  lithieuTi  surface^  witli  ,SOj  at  165°F  did  not  e-lfc-e  t a 
unifejrm  protective  coating  on  the-  surfai  e-.  SF.M  photomic  rograph 
(Figure  78)  showed  only  disc  n-te-  crystals  (not  identifiedi  Ijeing  formed  on 
the-  surface. 

• Withdrawing  only  5"oand  lO'^'n  capacity  from  cells  before  they  were 
subleeted  to  storage  at  140°F  for  one  month  caused  drastic  capacity 
fle-g  radat  ion , as  much  as  37"),  and  54'’  . re-spe-ctive-lv . wlie-n  dischargerl 
at  75°F. 


System:  Li/1,5M  LiAlCU- SOCl^- S/SOCl^,  ( 

Device:  Life  Support  Cell 

Loads:  120  mA  (30  min)  - 45  mA  (30  min) 

Energy  Density:  Whr/in^  -2.6  --Whr/lb  - 30 
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Figure  77.  Discharge  Performance  of  a Fresh  Life  Support  Cell  at  -20 
using  Electrolyte  Solution  Doped  with  15%  S 


D. 


lll;c;trcly  i k studies 


To  livoly  evaluate  < ell  reactions,  characterization  oithe  electrolvte  durinu 

a ncl  at  end  of  ciischarue  must  be  c emside’ red . As  it  \va  ,s  dcUerminod  in  work  prc-\iuu> 
to  this  contract  that  the  LiAlCl^  salt  caused  passivation,  attcmipts  w e t e made"  to 
evaluate  different  forms  of  this  salt  to  determine  their  comparative  effects  on  the 
system. 

Three  grades  of  Li  A 1 C I4  • SOC 1..  electrolyte  solution.s  have  been  considered  for  use 
in  these  cells: 


( 1 ) , (-  1 7p  ' F 

1.  LiAlCU  ‘ SOCl.  


LiAlCl SOCL 


Z.  Z.  1 moles  LiCl'^’  + 2.  0 moles  AlCli''^'  LiAlCl4  ineut  r.il  1 


LiAiCL-  SOCl 


SOCL 


(Z) 


3.  iX  • 1.05X1  mole  LiCl*^*  ^ X mole  AICI3 


F 


— LiAlCl, -SOCL  ibasu  l 

~>  \ 


SOCl, 


(Z  I 


The’  lused  solution  (Z  above)  had  a clear  amber  color.  The  metathetical  solution 
(3  above)  was  clear  and  colorless. 

The  spc-cific  conductance  of  the  above  electrolvte-  solutions  were  found  to  be  equivalent 
using  a .lones-type  c ond  uctivity  cell  with  a cell  cctnstant  ot  100  ciri  . The  conducian-.- 
value-  of  Z ■>  nvmhos/cnt  lor  1 . 5M  LiAlCL'SOCL  solutions  at  room  tentne  raturc-  was 
obtained  using  an  AC  impedance'  hridije  at  1 OOK  Ilz. 


il)  Purchased  mate-rial  preparc-d  by  vendor  in  an  organic  medium  (patent  pendingo 
iZ)  Matheson.  CoU-man  ^ Hell  Grade.  Thionvl  chloride  is  clear  and  colorless  and 
was  used  as  received  without  lurthc-r  dist  illat  iori. 
lit  Mathc-son.  Coleman  .k  Hell  Grade.  LiCl  silt  was  viciium  dried  ,,t  laO^C. 

(4)  Fluk.t  Grade-.  Witc-r.cnd  iron  free. 
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M ea  s a red  fli-n  rti’ y nf  a I . 5M  LiAlC.l4- SCC1_  el  i-i  1 r<d\-i  i 1.'  l1  A r t‘  F. 

It  retimed  to  1.  'A5  u/te  when  the  4leitnd\te  wari  tlunetl  it  h - bv  \teit;til  o;  SC.. 

The  vapor  pre.ssure  i ha  ra  t t o ris  t i e s were  ~ t e ni ; i i a nt  1\-  ditierent  Ijetueen  the  »wo 
electrolytes  - 1.  n.M  LiAlCl^- SOCF  iFiuure  “ ' i '.ersus  !.  -'M  L.iAlCl4- SOC.l . • ^ 
by  weight  ol‘ SO^  (Figure  80l.  As  expected,  the  cells  containing  electrolyte 
solution  doped  with  SO.  exhibited  higher  pressure  build-up  during  the  course  of 
discharge.  Using  the  doped  electrolyte  solution  (5'  b\  weight  of  SC  1.  . laltor'torv 

cell  containing  a PRC-90  cell  wrap  started  with  a pressure  of  S psig  and  endi-d  at 
14  psig  after  it  had  been  tlischarged  to  0.8  volt  at  75  F.  After  a.  bout  otu'  montti  at 
the  same  temperature,  the  pressure  gage  registered  55  psig.  this  pressuri-  tlu-n 
remained  (.  onstant  for  one  additional  month. 

I . Fffec  t of  Excess  Aluminum  Chloride 

Fleet  rolyfe  c ontaining  excess  AICI3  was  observed  to  c ause  the  cell  to  liave  high 
open  circuit  voltage;  also,  if  caused  even  ficsh  Ccdls  to  pc-rform  at  icdmed  c .1  0,0  i’\. 
Cf  more  importance,  however,  was  its  adverse  effect  o.®|fcate r ia Is  corrosion 
during  high  temperature  storage. 

2. . Fffect  of  Iron  and  Water 

loai-oid  Dossible  aMack  on  the-  mat. •rials  components  bv  llCl  idtie  to  re.i.lion  oi 
moist  uri-  and  SCCF)  i nd  bee  a use  oft  he  diffic  ult  v in  d rving  AlCil  ..  l.i  A ICl  4 salt  s 
prepared  by  the  fusion  process  was  s.  dec  ted  to  s.'fve  as  the  tj.aselin.'  elect  rolvte  s . . 

The  LiAlC:l,salt  pr.'par.'d  for  the  third  ,-,.'ric-s  of  .ells  contained  a lower  water  con- 
tent ( I '()!)  ppm  ) t ha  n t hat  us  .’d  i n t he  p rc- li  mi  na  rv  >.■  rie  s of  . . 11  s i iODH  oiim  1.  Sin..- 
the  performanc m of  the  third  sc-ric's  was  poorer  than  expc-cteri  dc'spite  the  use  ol  low.  r 
w.  I'.-r  contc'iit,  it  aiipears  that  clouliling  the  moisture  cont.Mit  ! rom  l-^Outo  5000  ppm 
does  not  acid,  in  an\  signifi.ant  wav,  to  t lie  dc-gr.’.'  ol  Li  pa  s s ; '.a  t i on  . 
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Figure  79.  Solution  Vapor  Pressure  Vs.  Temperature 


Electrolyte  Concentration:  1 . 5M  LiAlCl4’ SOClj  t 5 wt 


Tempe  rature , 


Tlu-  .-l.Tt  rolvl.'  IIS.  H.  rr,  fill  both  ihr  third  -.nrl  the  fourth  s.-ries  of  rolls  ( ontained 
0.  « ppm  Fo  iFo  ront.-nt  of  fused  LiAlCU:  T.  7 oom).  Elect  rolyte  solution  stored  in 

a 304  SS  container  had  an  Fe  concentration  raneine  iron-  0.  i ^ onm  alter  about 
3 months  storaue  at  ambient  condition.  Since  the  basic  cell  desipn  was  around  a 
positive  case  configuration,  it  simulates  the  above  storage  tank  condition. 


In  rases  where  there  was  severe  lithium  passivation 
causing  the*  problcun  were  identilied. 


. the  sources  other  than  Fe 


^ _ Effect  of  Fleet  roll  te  Concentration 

In  a test  to  determine  the  influen.  e of  Li.MCl,  concentration  on  cell  capacity, 
twelve  3-plate  laboratory  cells  with  different  electrolyte  salt  concentrations  were 
discharged  under  flooded  conditions  at  a current  density  of  5 mA/cnr.  1.0  molar 
vs  1.5  molar  concentrations  of  the  salts  were  tested  at  three  temperatures:  -40  F. 

75°F,  and  165°F. 

The  results  of  these  tests  are  summarized  in  Figure  81.  In  contra.st  to  published 
results'"',  these  tests  show  that  electrolyte  concentrations  of  1.5  molar  result  in 
higher  cell  capacity.  However,  whether  the  same  conclusion  could  apply  to  hard- 
ware cells  still  must  be  confirmed. 

4 . Effect  of  Sulfur  Dioxide  Doping 

In  a test  which  compared  the  solubility  of  SO,  in  pure  SOCl,  to  its  solulnhtv  in  a 1.  -M 
Li AlCl,- .SOCF  solution,  a known  ejuantity  of  liquid  SO_,  was  added  to  an  iquicaUnt 
amount  of  pur.-  SOCl.  and  to  an  equivalent  amount  of  LiAlCU  ‘ SOCl  ■ solution.  I he 
mixtures  were  left  at  -3n  F and  shaken  to  insure  proper  mixin::. 


(3)  Scaled  Primarv  Li' hi  urn  I no  rca  ni  c El.-,  t rolvt  e Cell.  Report  ECOM  - 74- 0 I O'* . | , 
.luly,  I ‘'74. 
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System:  Li/XM  LiAlCU- SOCI2/SOCI2 

Device:  Laboratory  Cell 


Figure  81.  Capacity  Performance  of  Cells  Using  I.O  K 

LiAlCl4"  SOCI2  Electrolyte  Solutions 


Results  of  thf  tfSt  showed  that  the  solubility  of  SCi  in  pure  SOClj  was  5.0'’.  by 
weight  and  in  1.  5M  LiAlCl^’ SOCL  solution  was  1 1.  5'’..  l)y  weijiht  indicating  that  thi- 
LiAlCU  salt  contributes  significantly  to  the  solubility  of  SC>  in  SCClj  electrolyte 
solutions.  The  cohjr  of  the  mixed  solution  was  a clear  brown. 

The  effects  of  doping  a 1.  5M  Li.MCU- SCCl.  electrolyte  solution  with  various  levels 
of  SO2  (0'’o.  5"A  1 0"' , and  dO"'.  Ity  weigiitl  \>,-ere  deteririined  in  sealed  glass  ampuls 

and  in  the  presence  of  Li  strips  after  storage  times  of  one  month  and  of  ten  months 
at  140'F. 

The  following  conclusions  can  be  di-rived  from  tliese  tests  (illustrated  in  1- igure  S2l: 

a.  Fresh  eli’ctrolyte  containing  0'’.i  .SO_>  is  clear  and  colorless.  .A.tti’r  storage, 
however,  tlie  solution  becomes  a t lea  r vellow  color. 


The  coloration  of  the  electrolvte  solution  was  more  sensitive  to  SCL  Uwels 
than  to  storage  time  or  temperature. 

The  color  of  tlie  electrolyte  solution  deepened  as  the  SO>  concentration 
increased.  A sharp  change  in  color  occurred  betwi'cn  the  0".  li-'.'el  and  the 
other  Itwels.  Although  a marked  change  can  be  notc’d  bc-twc'en  the  lO^nand 
the  dO'’.,  levc'ls.  no  change-  at  all  is  apparent  between  the  and  1 O",,  le\-els. 


At  the  le\  c'l, 


corrosion  was  observed  cm  the  lithium  surface. 


d.  The  obse  iwations  noted  in  a,  b.  and  e above  appear  to  correlate  to  tlte  degrada- 
tion in  cell  performanc  ('  sc-en  with  .SOt  doping  conce  nt  rat  ions  liiglter  than  5'  . 

F.  CATHODF  STUDIES 

1.  Catliodc-  Structure 


The-  cell  design  used  for  the  first  sc-rit-s  of  Life-  Support  C.ells  was  capable  of 
dt-livc-ring  maximum  energy  densities  of  1.  1 watt -hours /in  and  iD.8  wat  t - hoti  rs  / 1 b. 
In  the-  absi-nce  of  anodic  passivation.  how<-\c-r.  a wide-  variety  of  c-nc-rgv  deiisitic-s 
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was  observed.  This  performance  variability  was  attributed  to  the  cathodes,  which 
exhibited  variations  in  voltage  when  polarized  in  laboratory  cells. 


, i 

i 


u 


Studies  showed  that  cathode  polarization  can  be  attributed  primarily  to  overmixing 
the  carbon  slurry  when  preparing  the  cathodes,  but  that  the  sintering  process  also 
effects  significant  polarization. 

Changing  the  internal  component  designs  and  preparing  the  cathodes  by  an  unsintered, 
dry-compaction  process  (rather  than  a slur ry/ sinte ring  process)  produced  signifi- 
cant improvement  in  cell  design.  These  improvements,  discussed  under  CELL 
~)ESIGN  AND  FABRICATION  (Second  Series  of  Life  Support  Cells)  resulted  in  a 
cell  design  capable  of  delivering  maximum  energy  densities  of  13.  5 watt-hours/in^ 
and  155  watt-hours/lb. 

Additional  studies  showed  that  optimum  packaging  efficiency  can  be  attained  with 
cathodes  having  a net  weight  of  800  mg  and  a thickness  of  0.  040  inch  (See  Figure  83). 

2 . Spacecraft  "B"  Battery 

To  obtain  an  optimum  cathode  design,  cathode  capacity  was  evaluated  at  four  plate 
thicknesses:  0.080,  0.160,  0.320,  and  0.  480  inch.  A total  cathode  thickness  of 
2.  24  inches  was  used  as  the  design  parameter  to  determine  the  required  number  of 
plates  of  a specific  plate  thickness.  By  this  method,  the  maximum  and  minimum 
current  densities  required  to  meet  the  15  A and  0.  417  A loads  respectively  for  the 
Spacecraft  "B”  Battery  were  fixed. 

Electrolyte-flooded  laboratory  cells  of  the  three-plate  configuration  were  used  to 
evlauate  cathode  performance.  Test  cells  were  discharged  continuously  at  the  mini- 
mum current  density,  as  a function  of  plate  thicknesses.  At  various  times  during 
the  discharge  period,  the  cells  were  subjected  to  45-second  pulse  polarization  tests. 
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System:  Li/  1 . 5M  LiAlC^-  SOCl^/SOCl 

Device:  Life  Support  Wrap  (flooded) 


Figure  83.  Cathode  Design  Studies  for  Improving  Performance  c)f 

Life  Support  Cells 


■x;)fc  t cri , the  a\fra^o  \()ltai>i'  dropanrl  rt'duclion  in  capatiTv  \\er»-  shown  'o 
'i-.i  Sf  w it  li  ini.  rcasinn  nlati-  thirknoss  iS>.w  Fitiui’i-  Tlif  O.Osp  ;ni  ii  ihiik 

o.  how  > .^-r,  I'xiii  nitod  only  marginally  better  per!  o rina  nee  . and  the  tollowinL: 
ini.iio  of  the  d.  1 r.O  ini  h thickness  lead  to  its  selection  for  the  con^triution  oi 
Spaiei  raft  "n"  I’.attery: 

I'l'wer  plates  required  |14  tor  tlie  0.  I o')  inc  h,  \i-rsus  lor  the  i).().''ni. 

Better  handline  characteristics. 

Maximum  \'olume  available  to  tlic-  elcitrolyte  dm-  to  use  oi  less  inert 

mat  i-  ria  l.s. 

Less  iliancc'  for  internal  shortimj. 


SECTION  VI 


500  Ahr  (Spaiei  raft  "B"),  u'orc-  used  as  \fhirles  for  demonstrating  pe  r fo  rma  no  e 
auainst  poals  set  fortl’.  in  the  Statement  ol  Work  for  this  contra>.t  lor  each  ot  the 
three  cell  sizes.  Some  yoals  wore  achieved  while  others  were  not.  however,  in 
till  areas  the  Lit  hi  am -t  hiony  1 chloride  lell  oerformance  capabilities  towards  the 
spei  ified  lioals  was  sis^nificantly  improved. 

In  addition  to  the  major  task  of  imoroving  and  maximizing  hardware  performance,  a 
sienifiianl  portion  of  this  contract  was  de\-oted  to  defining,  understanding  and  pro- 
viding solution(s)  to  two  fundamental  problems  confronting  the  lit hium -t hionyl  s\stem; 
thev  tire  I I rletrimental  anorlic  film  growth  rluring  storagi-  and  2)  sntety  during  the 
normal  and  iljnormal  operation  of  t he  system. 


Below  are  sui'cifit  points  that  can  lie  i om  luded  based  on  the  experience  and  obserca- 
tMin  gained  in  both  the  laboratory  and  the  develoomental  hardware  phases  of  this 
n rog  ra  m . 

A.  LIFE  SUPPORT  CELL 

Best  diTivered  performance  for  fresli  leHs  were  1.75  ,-\hr  and  energy  density  o| 

I 5.5  Whr/in’  and  155  Whr/lb.  On  a weight  bisis.  it  exieeded  the  goal  by  2‘t'  . 
while  if  aihieied  7s'5,  anri  inri  oi  the  goals  on  a weiglil  and  lapai  ity  basis,  resoiw  - 
1 i \ ely . 


*• 


Interestingly,  lajiaiitv  outputs  at  t emue  rat  u re  s _■  124°F  weri'  moderately  cK-pendi'nt 

on  temperature.  At  165°F,  the  capaiity  was  reduced  by  as  much  as  Beiause 

of  the  higher  < <T1  voltage  at  high  temperature,  the  energy  density  performance  was 
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not  arfrotod  and  maintained  its  eonstanty  a'  ! eiii,M- r tt  u r.  7 n ° F . A siiarper 

dependency  with  temperature  was  found  lor  both  the  capai  it  y and  enert;\  densitv 
at  temperatures  belo^'-'  3Z°F.  Pe  r fo  rnaa  m deuradecl  at  a rate  oi  a pproxirnatel\ 

0.  9%  per  degree  Fahrenheit. 

Starting  at  50°F,  a moderate  0.  OS"'.,  intp  rove  ment  in  the  average  c.-U  voltage  oer 
degree  Fahrenheit  can  be  achieved  above  this  temnerature.  but  it  dei.  reased  at  a 
rate  of  0.  Z^’o  per  degree  Fahrenheit  at  t em  jje  ra  t u r e s below  50°F.  \oitage  regula- 
tion as  defined  in  the  contract  Statement  ol  Work  of  ± 3.  5"'.  can  be  maintaineri  at 
75°F.  It  approac  hed  ± Z.  5"'.  at  lb5°F  and  11  . (P:  at  -b3F. 

Through  the  use  of  1.  5M  LiAlClvSOCF  .dectrolyte  containing  3.  0"7  by  weight  oi 
SOj,  storage  capability  has  been  extended  i r >m  3 weeks  at  75°F  (First  Series!  to 
3 months  at  140°F  (Fourth  Series)  vvherebv  uselul  eapacitv  can  still  tie  obtained  at 
temperatures  > 3Z°F.  Volt  a ge  del  i v . houe\-er,  was  still  distinetU  present  .it 

thc’Se  temperatures  ( 75  to  3Z°F  When  the  disiharge  rate  was  lowerc'd  from 
Z.  3 mA/cm"  (average'  life  support  current  d<’nsit\  i to  1.0  mA'em".  -about  'ks  oi  the 
n omi  na  1 ca  pa  city  (1.  (>0  Ah  r ) can  be  tilitai  necl.it  c5  F .dtliout  t‘xhiliitingan\  coltaiic 
deki  V. 

The  Life  Support  Cell  was  redesigned  anci  oiur  s c' rie  s - i on  neet  ed  i ells  were  built 
into  PRC-'tO  type-  batteries.  These  liatte-ru's  were'  te'sted  to  determine-  tin-  perlor- 
mance  eapabilities  of  PRC-90  batleri.-s  she.uld  the-  Li/SOCL  tee  hnedogy  be-  used  in 
the-  PRC-90  radio.  At  75“F  the-  ba1te-rv  had  an  OC\'  of  14.  30  volts  and  an  operat- 
ing midpoint  veiltage-  eil  13.  lO  \-olts.  De  ll',  e re-d  eaiiaeity  and  c'nergy  de-nsit^  were- 
I.  til  Ahr,  1 I.  b Whr/in'  and  1 34  Whr'lii.  I lie  batte-ry  can  eiperate  a beive  10.0  \-olt  s 
at  a te-nipe-rature-  as  low  .as  -ti5  F but  .it  -t  sie^nifii  antl\-  re-cluce-d  e.ap.icitN  . 

F rcim  the-  aspeet  of  safe-ty,  the-  Life-  .Suptiort  Cells  were-  ope-rate-d  saleK  under  heit  h. 
no  rmal  a nd  a lino  rnia  1 mode-s  (short  cireuit.  dee-p  d is  e lia  rge- . leire  t-ei  dise  ha  rge-  ini  o 
e e-11  polarity  reve-rsal  and  eharge-l  of  ope  rat  ton--' . 


i Tlu;  rc'd  rapaiity  was  84".  of  the  proiott  goal  of  J.J.0  Ahr.  Thl^^  pc  rt  onta  uo 

; rcduc-cd  to  7 T'"  after  three  month.-^  of  storage  at  80°F.  On  a wefaitt  !)asis,  the 

cncray  density  met  t lu'  yoal  of  175  Whr/lb.  and  arhie\c'fl  S7'’7  of  the  aoal  |15  W'hr.Mn^l 
on  a volume  basis.  On  tlu'  average,  the  a<’hieved  energy  densit\-  was  7n',,  of  tlie 
goals  after  three  months  cjf  storage  at  80°F. 

f A typical  fresh  cell  can  maintain  \-oltage  regulation  of  ‘40  ' and  -S.4’.  o\er  i,f 

) the  useful  life  of  the  cell.  liecause  of  the  exceedingly  high  starting  pulse  currtmt 

i (0.<>  ni.\/tm“).  -.-oltage  delays  r.inging  from  120  - 5b0  msec  weiU'  displayed  alter 

, thri'e  iruMitlis  of  storage  at  80°F.  It  should  be  noted.  howe\er,  that  no  \-oltage  delay 

: vvx're  obsersed  after  the  initial  pulse  had  been  applied. 

1 .Adverse  safety  problems  did  not  oitur  during  thc'  normal  and  dei'p  disi  ha  rge  (to 

r 0.0  colt)  operations  <A  these  high  rate  Ci-lls.  However,  extreme  conditions 

I (short  circuit,  forced  discharge,  or  charge)  caused  either  spontaneous  pressure 

! venting  (polarity  reversal)  or  explosion.s  (short  circuit  and  charging). 

1 

C.  .SPACKCR.AFT  ' B"  CELL 

( There  was  no  trend  indicating  any  performance  losses  based  on  80°F  storage  f'.'r  a 

i 

, oeriofl  of  thri'i  months.  .Achieved  capacity  \cas  75'’n  of  the  goal  of  oOO  .Ahr.  Fnergc 

1 rliMlsitv  go.ils  Were'  2^  Whr/in'*  and  1^0  Whr/lb,  and  the  achiever!  \alues  were 

) 

j and  75"'..  re  .spei  t i\  e 1 y . 

t .Aft<-r  t b rc'e  months  of  storage  at  80°F  '.olt.ige  delay  was  not  observed  at  either  the 

1 0.417  -A  t)<i  I k g rounrl  load  or  the  7.s  .A  ind  1 ">  A pulse  loads  if  the  volt, age  rerovery 

' time  is  biserl  on  the  time  to  rearh  SO",  ol  1 hi'  aver.igi'  voltage. 

) 

1 


f 

■r 


A tyi)j<al  fresh  cell  can  maintain  a rc.aulaticjn  of  -0,  anrl  - Is'  o\'er  ‘‘5 '■  of  the 
useful  life. 


Under  Ijoth  the  normal  and  abnormal  modes  (short-circuit,  deep  discharge,  forced 
discharged  into  polarity  reversal  and  charge  I of  ooeration,  neither  spontaneous 
pressvire  venting  nor  cell  explosion  occurred. 

D.  LABORATORY  .STUDIES 


Storage  capaliility  of  the  Li/SOCl^  sy  ste  m a opea  re-d  to  lie  a one-lime  memor\  effect; 
that  is,  partially  discharged  cells  caused  dramatic  reduction  in  cell  capacity  a ft  c>  r 
they  were  placed  on  storage. 

Capac  ity  dc-Hvered  from  stored  ccTls  was  found  to  be  ancide  limited  at  low  temper  <- 
ture.  This  aopeared  to  be  due  to  t hc‘  effect  cif  concentration  no  l,i  ri  za  t i on  due  to 
the  existence  of  the  anodic  filni  liarrier. 


In  tc'rms  of  doping  the  SOCl,  elc-ctrolyte  with  SOj.  the  e f f e c 1 i\e  ne  s s of  minimizing 
lithium  passi\-ation  can  only  be  acliieved  at  the  fi\ e percent  bv  weight  le\c'l.  In  ,i 
1 . 5M  LiAlCE’SOCL  electrolyte,  the  ratio  of  Li.MCL  to  SCj  was  1.  1 ti.  Beyond  tiie 
5''»wc-ight  .SOj  level,  not  only  did  it  not  improve'  coltage  delav  but  it  had  a dc'tri- 
mental  effc'ct.  Lithium  strips  partially  immercc-d  in  the  test  solutions  showed  signs 
of  severe  corrosion  lieyond  tlie  I O^n  le\-c-l.  Fu  rt  hc>  rmore  , the  surlaces  c-xposed  to 
the'  vapor  phase  tarnishc'd  more'  than  the  immc'rsecl  surfaces. 

Postmortc-m  an.ilysis  on  fresh  cells  that  were  subjectecl  to  storage  ga\e-  c-vidc-nce 
ot  lithium  reaction  with  the  glass  separator.  This  ewidc'iie  <•  was  supported  b\  the 
inability  to  peel  off  tlie  separator  from  tlie  lithium  surface. 


I .1 


SECTION  VII 


RECOMMENDATIONS 

1 hr  tasks  rxmati,-d  to  brinu  a bcnil  thr  inip  ro\f  ment -s  rrquirrd  ol  t hr  lithium 
inorganii  i-lrc  t rorhrmiral  syst<-ms  t pro\idr  wen  further  ad\’anrr  in  power  sourir 
technology  towarfis  Air  Eone  needs  are  listed  below.  The  two  broad  areas  requir- 
ing most  fie\(.ToDnu'nt  are  Satety  and  Storagi.’  Oapaljility. 

A.  SAFETY 

1)  Build  a statistical  data  base  on  safety  problems  encountered  in  Li/SOOE 
cells. 

d)  Elu(  idate  reaction  mechanismtsi  opi- rating  fluring  normal  discharge  and 
fl e ep  di  s ( ha  r ge . 

i)  In\estigate  other  high  energy  inorganic  systems: 

Oa/SOCE,  SO^Ol, 

Li/SO^CE 

Li  alloy /SOOE.  SO^Cl^ 

41  Invi'stigite  reser\e  oaik.iging  roncep's  lor  high  rati'  Li/SOOE  cells. 

B.  S TO  RACE 

I I Eluiifiate  nu'i  iianismts  ) responsible  o r henerni.il  i llei  ts  ol  SO_,  at  the  s" 

weigltf  lesel  in  a lie  via  t i n g passi\ .it  ion. 


[ii\estig.ite  rea  i t i \it  V .0' onipa  t i l)i  I it  \ oi  glass  separator  with  litliium  anode  in 
terms  of  reliable  i i'll  ix’ r lo  rm  i m e i nil  \'ery  lung  term  storagi'  neefls. 


: j 


3)  Evaluate  separator  materials  other  than  glass  mat,  such  as  boron  nitride 
pa  pe  r . 


4)  Determine  storage  capability  of  cells  as  a function  of  stato-of-cha  rge. 
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